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Abstract 

["he  interhalogen  molecule,  bromine  monofluoride  (BrF),  is  currently  under 
study  as  a  potential  candidate  for  a  visible  chemical  laser  medium.  Previous  studies 
have  shown  a  strong  emission  from  BrF(B®n(0^)  in  the  presence  of  singlet  oxygenic 
'■t32^S)  and  02(^25^ While  singlet  oxygen  will  pump  BrF(X)  to  BrF(B),  the  exact 
mechani^  Js-^rot-^knowfl-.-— •GhemUuminescence  observed  from  BrF(B)  excited /by 
02(^E)*nn  a  gas  flowtube  was  used  to  study  the  energy  transfer  mechanism.  The 
objective  of  this  research  wets  fourfold.  First,  the  pumping  process  was  identified  a^ 
a  3-Body  Mechansim.  Second,  the  observed  vibrational  distribution  clearly  showed 
the  population  of  the  BrF(B)  state  to  be  non-Maxweliian.  Third,  the  quenching 
rates  for  CO2  and  CF4  on  ©2(^2)  were  experimentally  verined  with  the  literature 
values,  and  the  quenching  rates  for  Br  and  Br2  on  02(^S)  we  reported  for  the  first 
time.  And  fourth,  the  efficiency  of  the  system  is  shown  tp  be  low,  on  the  order  of 
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ENERGY  TRANSFER  IN 
SINGLET  OXYGEN  AND 
BROMINE  MONOFLUORIDE 


I.  Introduction 


1.1  Motivation 

The  Air  Force  and  the  Strategic  Defense  Initiative  Organization  (SDIO)  are 
interested  in  developing  a  new  class  of  laser  operating  in  the  visible  region  under 
chemical  excitation  for  directed  energy  weapons  as  well  as  for  imaging  and  diagnos¬ 
tics  applications.  Chemically  pumped,  electronic  transition  lasers  are  particularly- 
suited  for  these  missions  because  they  require  no  massive  external  power  supply  (t  lu' 
chemical  reaction  is  a  self-contained  energy  source),  and  laser  output  in  the  the  vis¬ 
ible  region  reduces  the  beam  divergence,  provides  better  atmospheric  transmission, 
and  inherently  more  power  delivered  to  the  target(l).  While  no  visible  chemical 
lasers  have  been  produced  yet,  one  potentially  viable  excitation  scheme  is  to  use  the 
energy  transferred  from  a  metastable  excited  molecule  to  a  suitable  laser  species. 
The  diatomic  interhalogens  are  a  promising  clciss  of  molecules  that  ha\'e  the  poten¬ 
tial  for  lasing  at  short  wavelengths  (from  0.2/xm  to  1.3^m)  after  excitation  by  singlet 
oxygen(2).  Many  spectroscopic  and  kinetic  studies  of  iodine  monofluoride  (IF)  have 
been  conducted  and  an  optically  pumped  IF(B-X)  laser  has  been  demonstrated(3). 
However,  studies  of  bromine  monofluoride  (BrF)  have  only  recently  been  started  in 
an  attempt  to  assess  its  potential  as  a  visible  chemical  laser (4). 

As  part  of  the  overall  project  to  characterize  the  collisional  dynamics  of  excited 
BrF  at  AFIT(4),  this  research  will  focus  on  the  study  of  the  energy  transfer  IVom 
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metastable  excited  O2  (singlet  oxygen)  to  BrF;  somewhat  in  analogy  with  using 
singlet  oxygen  in  the  Chemical  Oxygen-Iodine  Laser  (COIL)(l).  Previous  studies 
have  uncovered  a  strong  visible  emission  from  BrF  in  the  presence  of  singlet  02(5), 
but  the  excitation  mechanism(s),  reaction  rate(s),  and  efficiency  of  the  excitiation 
process(es)  have  not  been  characterized.  This  research  will  use  a  standard  kinetic 
flow  tube  study(6)  in  an  attempt  to  characterize  the  excitation  of  BrF(B^n)  by 
02(6^2,  A). 

1.2  Problem  Statement 

The  exact  mechanism  with  which  singlet  O2  excites  BrF(X  -4  B)  has  not  been 
completely  defined.  BrF(X)  requires  at  least  18272  cm“^  of  energy  to  be  pumped 
to  BrF(B)(v”  =  0  -4  to  v’  =  0)  (4,  12).  A  single  molecule  of  singlet  O2  does  not 
have  sufficient  energy  to  excite  BrF(X)  directly  to  BrF(B).  The  energies  of  ilie  two 
singlet  O2  states  are  7882  cm“^  for  02(^A)  and  13121  cm“*  for  02(*2),  for  (v' 
=  0  to  v”  =  0)  transitions  respectively  (18).  Clearly  then,  some  multiple  collision 
excitation  process  is  indicated.  Clyne,  Coxon,  and  Townsend  (5)  postulate  a  three- 
body  excitation  mechanism: 


Br  +  F  +  M  — f  BrF"  +  M 
BrF^  +  02{%^A)  —4  BrF{B)  + 02(^1:) 

where  BrF*  is  some  excited  intermediate  state,  and  M  is  a  third-bodJ^  This  reaction 
will  be  designated  the  3-Body  Reaction.  Another  possibility  is: 


F  -f  Br2  — 4  BrF{X)  -f  Br 
BrF(A') -b  02(^2,^  A)  —4  BrF* -b  02(^2) 
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BrF'  +  02(^  A,^  S) 


BrF{B)  +  Osf  S) 


where  BrF*  is  some  excited  intermediate  state.  This  reaction  will  be  designated  the 
2-Step  Reaction. 

Thi.?  research  will  begin  with  the  production  of  BrF  molecules  in  the  flow 
tube  apparatus  designed  by  Melton(4),  and  then  creating  BrF(B)  molecules  through 
collisional  energy  transfer  with  singlet  O2.  The  first  part  of  the  experiment  will  be 
to  record  the  chemiluminescence  spectra  of  the  BrF  in  the  presence  of  singlet  O2. 
The  second  part  of  the  experiment  will  be  to  determine  the  excitation  mechanism 
for  BrF(B).  These  measurements  are  necessary  in  order  to  continue  examining  the 
collisional  dynamics  of  excited  state  BrF.  The  next  part  of  the  research  will  locus 
on  analyzing  the  resulting  data  to  determine  the  reaction  rate(s).  and  efficiency  of 
this  chemical  process,  as  well  as  gain  some  insight  into  the  vibrational  populations  of 
BrF(B)  as  excited  by  singlet  O2.  The  last  part  of  this  resarch  will  be  a  comparison 
of  the  BrF  results  with  other  interhalogens  to  determine  BrF’s  relative  suitability  as 
a  potential  candidate  for  a  visible  chemical  laser. 
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IL  Background  Theory 


2.1  Important  Laser  Characteristics 

This  section  will  highlight  the  important  characteristics  the  BrF  molecule  dis¬ 
plays  for  laser  operation  that  have  been  determined  in  spectroscopic  and  kinetic  stud¬ 
ies.  Specifically,  the  ease  in  obtaining  a  population  inversion  in  the  BrF  molecule,  its 
relatively  long  radiative  lifetime,  and  quenching  rate  information  will  be  discussed. 

Davis  reports  in  his  review  on  the  potential  for  halogen  molecules  in  visible 
chemical  laser  systems  that  the  primary  reason  these  inolecules  have  a  high  potential 
for  use  in  laser. applications  is  the  large  shift  oFthe  equilibrium  internuclear  separat  ion 
of  the  5®n(0‘*')  state  with  respect  to  the  state(7).  This  situa.tion  is  graphically 
portrayed  in  Figure  1.  Therefore,  according  to  the  Franck-Condon  principle,  the  most 
probable  downward  B  — >  X  transitions  will  terminate  on  high  vibrational  levels  of 
the  ground  state(7).  Furthermore,  in  a  thermal  distribution  at  room  temperature 
these  upper  vibrational  levels  will  essentially  be  empty;  and  in  BrF  with  a  fractional 
population  of  the  lower  laser  level  of  v”  =  8  of  2.2a:10“^^  (most  probable  v’  -  v*’ 
transition  from  0  -  8  using  Franck-Condon  factors)(:7).  This  is  characteristic  of  a 
Boltzmann  population  distribution  @  300  K.  This  means  it  should  be  easy  to  obtain 
a  population  inversion  between  a  B-state  v’  level  and  an  X^state  v”  level  because 
with  the  v”  level  initially  unpopulated,  the  total  B-state  population  will  not  have  to 
exceed  the  X-state  population  (7). 

The  collision-free  lifetimes  (radiative  and  pre-dissociative  combined)  of  some 
of  the  B-state  v’  levels  showing  metastable  characteristics,  i.  e.  lifetimes  on  Uic 
order  of  tens  of  fisec,  are  shown  in  Table  1  (7,  8).  A  relatively  long  radiative 
lifetime  is  important  in  maintaining  a  population  inversion  in  a  continuous  wave 
(cw)  laser.  However,  Davis  also  indicates  a  repulsive  state  near  the  upper  v’  levels 
of  the  Brstate  that  introduces  a  phenomenon  called  predissociation,  that  essentially 
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BrF  Classical  Potential  Energy  Curves  and  Singlet  Oxygen  Energy  Levels 


Figure  1.  Potential  Energy  Curves  for  BrF(X)  and  BrF(B) 


makes  the  B-state  unstable(7).  In  BrF,  Melton  shows  that  predissociation  is  where 
the  ov  rlap  of  the  B^n(0'^)  state  with  the  Y-state  can  allow  a  transition  from  an 
excited  moleculax  state  to  separate  atoms(4).  This  causes  a  problem  by  shortening 
the  collisionless  lifetime  of  the  B-state  and  depletes  the  excited  population  by  a 
nonradiative  process(7).  Davis  emphasizes  that  the  important  characteristic  to  be 
noted  is  that  the  v’  levels  from  0  to  6  are  metastable  and  the  onset  of  predissociation 
is  sharp  at  v’  =  7,  j’  =  29(7).  A  higher  intensity  of  emission  due  to  the  v’  =  0  to  6 
will  be  noted  than  for  v’  =  7  and  8.  This  effect  can  also  be  seen  in  Table  1  from 
Steinfeld  which  shows  the  lifetiries  decrease  as  the  v’  level  increases(4, 12). 

2.2  Current  BrF  Spectroscopic  Data 

The  current  information  about  the  BrF  molecule  obtained  from  spectroscopic 
studies  is  quite  complete,  especially  in  the  areas  of  absorption(9)  and  emission(5, 10). 
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Table  1.  BrF  (B  — >  X)  Collision  Free  Lifetimes  (12) 


iHil 

Tr{fisec) 

Est.  Error 

16-26 

43.0 

1-2% 

5-31 

44.0 

1-2% 

7-39 

46.0 

1-2% 

9-42 

43.9 

1-2% 

3-45 

44.7 

1-2% 

3-38 

44.2 

1-2% 

3-44 

46.3 

1-2% 

45 

62.1 

<5% 

46 

58.8 

<5% 

47 

50.3 

<5% 

48 

10.4 

<5% 

3-26 

48.1 

1-2% 

27 

60.1 

<5% 

28 

59.4 

<5% 

29 

1.6 

10% 

30 

1.16 

10% 

31 

0.74 

10% 

2-27 

0.3-1.7 

1-2% 

28 

0.24 

10% 

29 

0.14 

10% 

30 

9.17 

10% 

31 

0.11 

10% 

r  =  collision  free  lifetime 

Tr  =  radiative  lifetime 

Tpd  =  pre-dissociative  lifetime 


Melton  has  tabulated  this(4)  and  the  spectroscopic  constants  for  BrF  are  included 
as  Table  2(12).  The  potential  curves  for  BrF  have  previously  been  illustrated  at 
Figure  1.  Melton  also  records  the  Franck-Condon  factors  for  BrF(4,  11)  and  these* 
are  listed  in  Table  3.  The  radiative  lifetimes  of  the  B-state  v’  levels  are  shown  in 
Table  1(4,  12). 


Table  2.  Molecular  Constants  for  BrF  (in  cm“^)  (12) 


Constant 

BrF(X) 

BrF(B) 

Te 

0 

18272 

De 

20953 

6366 

We 

670.75 

372.2 

4.054 

3.49 

-8.7x10-=^ 

-0.22 

0.35584 

0.264 

OLt 

0.00261 

0.00498 

7e 

1.06x10-® 

unknown 

D. 

0.4x10“® 

1.0x10“® 

The  dotted  line  depicting  the  location  of  the  potential  minimum  for  BrF(.A) 
on  the  potential  energy  curve  (Figure  1,  etc. )  was  taken  from  Brodersen  and  Slo  e’s 
work  (21).  Thus  far,  this  work  is  the  only  case  where  a  BrF(.A-^X)  energy  system 
is  reported.  Coxon  disagrees  with  Brodersen  and  Sicre  claiming  that  the  absorption 
data  they  report  supporting  the  existence  of  BrF(A)  is  compatible  only  with  a  dis¬ 
sociation  energy  much  larger  than  derived  in  their  work  (22).  The  plots  in  this  work 
showing  potential  energy  curves  for  BrF  will  use  this  reported  location  for  BrF(A)  as 
a  place  to  illustrate  the  unknown  excited  intermediate  state  of  BrF.  This  stale  could 
in  fact  be  BrF(A),  or  possibly,  BrF(X)(v>>  0)  at  a  location  lowei-  than  depicted. 

2.3  Current  Singlet  Oxygen  Data 

The  term  singlet  oxygen  refers  to  the  first  two  electronic  states  of  diatomic 
molecular  oxygen.  A  summary  of  pertinent  information  is  given  in  Table  4. 


7 


Table  3.  Franck-Condon  Factors  for  BrF  (11) 


V’ 

V” 

0 

1 

2 

3 

4 

5 

6 

■ 

8 

0 

.0000 

.0002 

.0006 

.0016 

.0033 

.0060 

.0096 

.0140 

.0179 

1 

.0004 

.0021 

.0060 

.0126 

.0214 

.0315 

.0410 

.0483 

.0499 

2 

.0026 

.0109 

.0250 

.0418 

.0556 

.0623 

.0600 

.0501 

.0347 

3 

.0103 

.0345 

.0600 

.0738 

.0682 

.0489 

.0256 

.0079 

.0004 

4 

.0296 

.0726 

.0875 

.0671 

.0310 

.0056 

.0005 

.0101 

.0211 

5 

.0635 

.1044 

.0723 

.0205 

.0000 

.0126 

.0313 

.0360 

.0251 

6 

.1073 

.1012 

.0235 

.0014 

.0288 

.0453 

.0319 

.0099 

.0001 

Di 

.1480 

.0589 

.0004 

.0392 

.0526 

.0222 

.0006 

.0075 

.0213 

8 

.1657 

.0113 

.0334 

.0625 

.0180 

.0011 

.0234 

.0347 

.0207 

9 

.1541 

.0030 

.0737  ' 

.0274 

.0026 

.0355 

.0368 

.0101 

.0002 

10 

.1263 

.0418 

.0661 

.0000 

.0410 

.0389 

.0036 

.0074 

.0250 

11 

.0899 

.0966 

.0216 

.0311 

.0512 

.0030 

.0163 

.0366 

.0182 

12 

.0526 

.1244 

.0003 

.0678 

.0117 

.0166 

.0427 

.0129 

.0010 

13 

.0271 

.1196 

.0304 

.0518 

.0051 

.0488 

.0137 

.0046 

.0274 

Table  4.  Singlet  Oxygen  Data 
( 


Species 

Energy  (cm~^) 

Energy  (eV) 

Lifetime  (xr) 

02(6'S)(v’=  0) 

13121 

1.627 

12  sec 

02(a^A)(v’=  1) 

9367 

1.1614 

02(a^A)(v’- 0) 

7882 

65  min 

As  discussed  previously,  energy  transfer  from  one  of  either  of  the  two  singh'i 
oxygen  molecules  will  not  provide  sufficient  energy  to  pump  BrF(X)  to  BrF(B). 
However,  energy  transfer  from  multiple  collisions  could  provide  enough  energy  for 
this  excitation. 

Extensive  work  done  by  Mack  at  AFIT  (20)  indicates  singlet  oxygen  production 
in  a  microwave  discharge  at  2.45  Ghz  will  produce  ~  5—15%  02(*A)  and  ~  0.5— J  , 5% 
02(^2).  An  average  value  of  10%  and  1%  respectively  will  be  used  in  the  following 
rate  equations.  With  a  stable  flow  pressure  of  ground  state  O2  (abbreviated  02(x))  of 
«  3  torr,  then  the  concentration  of  of  02(x)  entering  the  microwave  cavity  is  [02(x)] 
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w  l.QxlO^'^ molecules  cm~^.  This  then  results  in  a  concentration  of  02(a)  of  [02(a)] 
w  l.OxlO^^molecules  cm~^.  The  small  amount  of  02(b)  produced  in  the  microwave 
will  be  neglected  due  to  its  short  radiative  lifetime,  a  reasonable  assumption  that  it 
will  be  quenched  by  wall  effects  and  02(x)  by  the  time  it  reaches  the  flow  tube,  and 
that  the  02(a)  pooling  reaction  will  dominate  the  production  of  02(b)  in  the  flow 
tube.  Given  these  conditions,  the  rate  equations  for  the  production  of  02(b)  are: 


[02(a)]  + [02(a)]  [02(6)]  +  [02(.i;)]  (I) 

[02(6)]  ^  [02(a:)]  (2) 

[02(6)]  ^  [02(.r))  +  /H/  (■■{) 

where: 

Tr  =  12sec  (18) 

f^pooi  =  2.0xl0~^'^ cm^molecule~^sec~^  (18) 

kxuatt  ^  50sec“^  includes  effects  of  the  walls,  02(x),  and  impurities  in  the  ga.s  (deter¬ 
mined  experimentally);  in  effect  the  pseudo-first  order  rate  coefficient. 

Then  in  steady-state,  where  d[02{b)]/dt  =  0,  the  concentration  of  02(b)  will 
be: 


[02(6)1 

[02(6)1 


_  [02{a)?kpooi 

{kxuall  "b 

4.0  X  molecules  cm~^ 


(-i) 


(5) 


And  this  steady-state  distribution  shows  the  ratios  of  the  concentration  of  the  oxygen 
species  to  be  is  on  the  order  of  10“'^  and  is  on  the  order  of  lO"^,  which 
is  in  agreement  with  Mack’s  work  (20). 
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Characterization  work  conducted  by  Melton  prior  to  beginning  the  chemilumi¬ 
nescence  experiments  on  BrF  verified  the  quenching  rate  of  CO2  and  CF,i  on  0  >{h) 
(26).  Melton  recorded  a  quenching  rate  constant  for  CO2  as 
kqCOi  =  3.0  ±  0.3a:10~^^  cm^lsec  and  a  quenching  rate  constant  for  CF.|  as 
kqCFi  =  2.68  ±0.3x10"^®  cm^fsec.  These  results  were  comparable  to  those  recorded 
in  previous  work  by  Ranby  and  Ranek  (16)  and  Davidson  and  Ogryzlo  (17).  A 
summary  of  these  previously  determined  quenching  rate  constants  is  listed  in  Table 
5. 


Table  5.  Recorded  Quenching  Rate  Constants  on  02(^S) 


Name 

Quenching  Species 

Constant 

Value  (cm^/sc'c) 

Davidson  and  Ogryzlo  (17) 

CO2 

^('S) 

3.32x10-'^ 

CO2 

1.66x10-’'-^ 

CF4 

<■•,(' S) 

2.66x10-’''^ 

Ranby  and  Ranek  (16) 

CO2 

CO2 

TMM 

Melton 

3.0  ±0.3x10“''* 

2.68±0.3xl0-'^‘ 

2.4  Reaction  Mechanisms 

Two  primary  mechanisms  are  hypothesized  to  be  responsiljle  for  the  e.xcitaiioii 
of  BrF(B)(5,  13).  The  first  mechanism  will  be  called  the  3-Body  Mechanism,  and 
there  are  two  variants  that  will  examined.  Mechanism  lA  will  include  itn  excited 
intermediate  state  of  BrF,  and  Mechanism  IB  will  include  electronically  excited 
Br  atoms  as  an  energy  carrier.  The  second  mechanism  will  be  called  the  2-Step 
Mechanism  and  labelled  as  Mechanism  2.  The  reaction  equations  for  these  processes 
will  be  illustrated  below. 

First,  the  3-Body  Mechanism,  Mechanism  lA: 


0  -f  Br2  — >  BrO  -f  Br 


(6) 
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0  +  BrO  — »  Br  +  O2 


i>) 


Br  +  F  +  M 

Brf  +  02{%^A) 


BrF‘  +  M 
BrF{B)  +  Oafs) 


(8) 

(9) 


(where  M  is  a  third  body  and  BrF*  is  an  excited  intermediate  state,  either  BrF{A) 
or  a  high  vibrational  level  of  BrF{X)) 

Second,  the  3-Body  Mechanism,  Mechanism  IB: 


0  -b  Br2 

— >  BrO  -b  Br 

(10) 

0  +  BrO 

— >  Br  +  O2 

(11) 

Br-b  02(^2,^  A) 

— >  Br--b02(*A) 

(12) 

Br*  +  F  +  M 

— »  BrF{B)  +  M 

(13) 

(where  M  is  a  third  body  and  Br*  is  the  first  electronic  excited  state,  Br'^P^/2) 
And  third,  the  2-Step  Mechanism,  Mechanism  2: 


F  +  Br2 

— >  BrF  -b  Br 

(l.'l) 

BrF{X)  -b  02(^2,'  A) 

— >  BrF’* -b  02(^2) 

(15) 

BrF*  -b  02(^,^  2) 

— ^  BrF(B) -b  02(^2) 

(16) 

(where  BrF*  is  an  excited  intermediate  state,  perhaps  BrF{A)  or  a  high  vibrational 
level  of  BrF(X)) 

NOTE:  For  a  detailed  development  of  these  rate  equations,  see  Appendix  A,  Rai(* 
Equations  in  the  Presence  of  Atomic  Oxygen,  and  Appendix  B,  Rate  Equations  u  idi 
CO2  as  a  Quenching  Species, 
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The  potential  energy  curves  on  the  following  pages  more  clearly  illustrate  tlie 
possible  mechanisms  described  in  this  section.  As  an  additional  note,  to  add  proba¬ 
bility  to  the  process  described  in  Mechanism  IB,  the  energy  difference  between  the 
downward  transition  from  02(^S)(t;'  =  0)  to  02(^A)(u'  =  1)  of  3754  cm~*  (16,  18) 
and  the  upward  transition  from  Br^P3/2  to  Br^Pi/2  of  3685  cm"*  (23)  is  only  69 
cm"*. 
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Energy (eV) 


Mechanism  lA:  3-Body  Mechanism 

BrF  Classical  Potential  Energy  Curves  and  Singlet  Oxygen  Energy  Levels 


Figure  2.  Mechanism  lA  with  Excited  Intermediate  State  of  BrF 


Rate  Equations: 


Br^  +  0  — y  BrO  +  Br‘^Pz/2 


BrO  +  0 
5r2p3/2  +  F’2P3/2  +  M 
5rF’'  +  C>2CS/A) 


Br'^p3/2  +  O2 
BrF''  +  M 
BrF{B)  +  O2CS) 


(M  is  mostly  02(®S)) 
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Energy (eV) 


Mechanism  IB:  3-Body  Mechanism 


Brr  Classical  Potential  Energy  Curves  and  Singlet  Oxygen  Energy  Levels 


Figure  3.  Mechanism  IB  with  Electronically  Excited  State  of  Br 


Rate  Equations: 


Br-z  +  0 
BrO  +  0 
Br2p3/2  +  C>2CS) 
Br^Pi/2  +  F^P3,2  +  M 


BrO  +  Br'^Pz/'i. 
Br^P^l2  +  O2 
Br^P^/2  +  02CA) 
BrF{B)  +  M 


[M  is  mostly  02(^S)) 
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Energy (eV) 


Mechanism  2:  2-Step  Mechanism 

BrF  Classical  Potential  Energy  Curves  and  Singlet  Oxygen  Energy  Levels 


Figure  4.  Mechanism  2  with  Sequential  Excitation 


Rate  Equations: 


F+Br2  — ^  BrF{X)  +  Br 


BrF{X)  +  A) 
BrF*  -1-  02(^A,^  S) 


— >  BrF{B)  +  02C^) 
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III.  Description  of  Experiment 


3.1  Production  of  BrF(B) 

The  chemiluminescence  studies  were  conducted  with  the  syster.i  shown  in  Fig¬ 
ure  5.  This  apparatus  was  a  slow-flow  system  with  a  gas  velocity  in  the  actual  flow 
tube  on  the  order  of  1  mfsec.  Three  primary  side-arms  were  used,  two  of  which  were 
fitted  with  Opthos  microwave  discharge  cavities  operating  at  2.45  GHz  (the  O2  inlet 
and  the  CF4  inlet).  The  Brj  inlet  was  inserted  down  the  center  of  the  flow  tube  to 
allow  mixing  with  the  02(b)  before  encountering  the  flow  from  the  Cl  •  inlet.  'Phe 
constituent  gases  were  mixed  directly  in  front  of  the  observation  windows  at  a  total 
pressure  of  3.4  —  3.6  torr.  The  gas  products  were  then  exhausted  through  a  cold 
trap  at  77  K  and  the  Br2  and  other  reagents  collected  for  disposal. 

With  the  flow  tube  apparatus  cis  configured  in  Figure  5,  BrF(B)  was  consis¬ 
tently  produced  and  the  yellowish  glow  as  reported  by  Clyne,  et  al.  ,  was  clearly 
seen(5).  However,  considerable  diflSculty  was  encountered  in  acheiving  BrF(B)  pio- 
duction  at  first.  In  the  previous  work,  scant  details  on  constituent  gas  concentrations 
were  given.  After  much  trial  and  error,  the  following  mix  produced  the  maximum 
BrF(B)  signal  with  the  described  experimental  set-up: 


Table  6.  Relative  Gas  Mixes  for  Optimum  BrF(B)  Production 


Constituent  Gas 

Partial  Pressure 

Flow  Rate 

Purity  (%) 

O2  (Airco) 

2.9-3.0  torr 

850  seem 

99.9 

CF4  (Matheson) 

0.5-0.6  torr 

190  seem 

99.7 

Br2  (Spectrum  Chemical) 

~  0.0006  torr 

0.19  seem 

99.5 

The  O2  flow  was  controlled  using  a  Sierra  Instruments  mass  flow  controller.  At 
850  seem,  the  O2  concentration  was  determined  to  be  approximately 
1.0  X  lO^’^  The  microwave  discharge  on  the  O2  inlet  produced  both 

metastable  02(a)  and  02(b)  (^A^  and  ^S^)  as  well  as  O  atoms.  A  TEFLON  insert 
was  used  in  the  flow  tube  itself  to  reduce  the  quenching  rate  due  to  the  walls. 
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While  BrF(B)  was  being  produced,  a  measurement  of  the  strength  of  the  02(b) 
emission  as  the  O2  flow  was  varied  was  conducted.  The  relative  intensity  of  the  emis¬ 
sion  of  02(b)  at  7620  A  (the  center  of  the  02(b)(v’  =  0  — >  v”  =  0)  emission  band) 
decreased  as  the  flow  was  decreased  or  increased  from  850  seem  according  to  the 
following: 


O2  Flow  (seem) 

600 

650 

700 

750 

800 

850 

900 

950 

Relative  Intensity(%) 

56 

66 

74 

84 

92 

100 

100 

92 

The  Br2  and  CF4  flows  were  controlled  using  Nupro  metering  valves  that  had 
been  reset  to  reflect  no  flow  at  the  ”0”  setting  on  the  dial.  The  Bi’i  i)rcssure  was 
extremely  small  in  relation  to  the  CF4  and  O2  pressures  used.  At  O^C,  Br^  ha.s 
a  vapor  pressure  of  approximately  65  torr,  and  hence  moves  very  slowly  through 
the  i  inch  diameter  metal  tubing  to  the  flow  tube  (the  Br2  reservoir  was  placed  in 
m  ice  water  bath  to  maintain  a  constant  temperature  and  vapor  pressure).  The 
Br2  concentration  based  on  the  valve  calibration  (Appendix  C)  is  on  the  order  of 
2.0  X  10^^  mixing  with  the  microwaved  O2  flow.  Br  atoms  were 

produced  according  to  the  fast  reaction: 


0-l-Br2  — »  BrO  +  Br  (17) 

O  +  BrO  — >  02  +  Br  (18) 

The  CF4  was  dissociated  in  the  second  microwave  cavity  to  produce  ground  slate 
F  atoms.  CF4  Wcis  used  as  the  source  of  Fluorine  atoms  due  to  its  availability,  low 
cost,  and  low  toxicity.  Kolb  and  Kaufman  report  producing  F  atoms  by  flowing 
CF4  through  a  microwave  cavity  under  similar  conditions  w  ih  concentrations  of 
2.4  -  6.0  X  10^-*  and  efficiencies  ranging  from  1.9  -  4.7  %  (27).  Their 

studies  showed  only  undissociated  CF4,  C2F6,  and  atomic  aiid  molecular  Fluorine 
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Figure  5.  Experimental  Flow  Tube  Set  Up 
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30  cm  downstream  from  the  microwave  cavity.  Their  studies  also  indicate  the  atomic 
Fluorine  concentration  to  be  3  to  10  times  greater  than  the  concentration  of  molecular 
Fluorine.  The  CF4  concentration  based  on  the  valve  calibration  (Appendix  C)  is  on 
the  order  of  2.0  x  10^®  moi^uies^  ^  Therefore,  the  F  atom  concentration  in  this  set-up 
was  then  estimated  to  be  on  the  order  of  4.2  x  10^“* 

ctn^ 

A  summary  of  these  calculations  leading  to  the  calculated  number  densities  of 
the  reagents  is  listed  in  Table  7. 


Table  7.  Tabular  Results  of  Reagent  Number  1 

Densities 

Reagent  Species 

02(b) 

F 

Br2 

Number  Density  (cm“®) 

3-4x10^® 

5-6x10^-’ 

2x10’® 

3.2  Chemiluminescence  Spectra  of  BrF  in  the  presence  of  Singlet  Oxygen 

Once  production  of  BrF(B)  was  successfully  maximized,  experiments  were  con¬ 
ducted  to  examine  the  effect  of  varying  the  inputs  on  the  BrF(B)  emission,  as  well  as 
the  02(b)  emission.  A  continuous  flow  of  reactants  in  the  flow  tube  will  be  required 
to  both  generate  the  unstable  species  (the  BrF(B)  and  singlet  O2)  as  well  as  procliice 
the  collisional  excitation.  The  resulting  emission  will  be  spectrally  resolved  with  a 
McPherson  (0.3  m)  grating  monochromator  and  recorded  with  a  RCA  C31034A-02 
photomultiplier  tube  and  a  Princeton  Applied  Research  Model  1112  photon  counting 
system(13).  A  lens  focusing  arrangement  Wtis  placed  between  the  output  window  ol' 
the  flowtube  to  maximize  the  light  being  collected  by  the  monochromator  (see  Fig¬ 
ure  5).  The  first  lens  (f  =  75mm)  takes  the  diverging  light  rays  coming  out  of 
the  window  and  focuses  them  into  parallel  rays,  while  the  second  lens  (f  =  150mm) 
collects  the  parallel  rays  and  focuses  the  rays  to  converge  at  the  enti-ance  slit  of  the 
monochromator.  A  small  spherical  mirror  (diameter  =  50mm)  was  placed  next  to 
the  output  window  facing  away  from  the  monochromator  to  impro\'e  the  recorded 
signal.  A  30%  increase  in  signal  was  recorded  using  this  mirror,  as  opposed  to  not 
using  the  mirror.  The  first  part  of  the  experiment  after  successfully  producing  a 
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strong  BrF(B)  emission  vfas  to  record  the  resulting  emission  spectrum  in  detail  lo 
ensure  BrF(B)  is  the  primary  product  in  the  flow  producing  an  emission  (other  than 
the  emission  of  02(^S)),  and  to  examine  the  spectrum  to  determine  the  relative 
vibrational  populations  of  the  B-state  of  BrF. 

Six  experiments  were  conducted  to  determine  the  dominant  process  in  the 
excitation  of  BrF(B). 

1.  Observe  the  dependence  of  the  BrF(B)  emission  on  02(^2)  using  CO2  as  a 
selective  quencher  of  02(^S). 

2.  Observe  the  emission  of  both  BrF(B)  and  02(^S)  as  a  function  of  changing 
Br2  flow. 

3.  Observe  the  peak  emission  of  BrF(B)  as  a  function  of  changing  CF4  flow. 

4.  Observe  the  emission  of  02(^2)  cis  a  function  of  changing  Br2  flow  (while  not 
producing  BrF).  (Br2  quenching  of  02(^2)). 

5.  Observe  the  peak  emission  of  both  BrF(B)  and  02(^2)  as  a  function  of  changing 
Br2  flow  with  a  reduction  in  the  amount  of  0  atoms  in  the  system. 

6.  Observe  the  emission  of  02(^2)  as  a  function  of  changing  Br2  flow  with  a 
reduction  in  the  amount  of  0  atoms  in  the  system  (while  not  producing  Bi  F). 
(Br2  quenching  of  02(^2)). 

Quenching  experiments  with  CO2  as  a  quenching  species  were  used  to  determine  the 
wall  rate  coefficients  for  experiments  2,  4,  and  6. 

First,  the  dependence  of  the  BrF(B)  emission  was  examined  eis  a  function  of 
02(b).  CO2  '.vas  used  as  a  selective  quencher  of  02(b)  since  its  quenching  rate 
constant  was  known  (3.0  x  10~^^cm^fsec  as  shown  from  Section  2.3).  The  resulting 
plot  of  the  02(b)  emission  versus  the  BrF(B)  emission  as  the  amount  of  02(b)  in  th(' 
system  was  reduced  will  show  how  the  BrF(B)  emission  is  dependent  on  02(b). 
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Second,  the  production  of  BrF  was  conducted  with  a  varying  input  flow  of 
Brj  molecules.  This  experiment  was  conducted  starting  with  no  Br2  and  gradually 
increasing  the  Br2  flow,  as  well  as  with  a  high  Br2  flow  gradually  decreasing  to  no 
Br2.  The  resulting  plot  of  emission  intensity  versus  Br2  number  density  (and  hence 
Br  atom  concentration)  will  show  a  relation  between  the  BrF(B)  emission  and  the 
02(b)  emission  as  the  excess  Br2  quenches  the  02(b). 

Third,  the  production  of  BrF  was  repeated  with  a  varying  input  flow  of  CF^ 
(and  therefore  varying  F  atom  concentration)  to  determine  if  the  peak  emission  inten¬ 
sity  changed  with  a  different  input  of  Br2  flow.  This  procedure  was  used  to  determine 
the  possibility  of  Br2  number  density  (and  hence  Br  atom  concentration)  changing 
as  a  result  of  changing  F  atom  concentration.  The  resulting  peak  emission  of  BrF(13) 
as  a  function  of  changing  CF4  flow  (and  hence  F  atom  concentration)  compared  to 
Br2  number  density  will  show  a  relation  between  Br  and  F  atom  concentration. 

Fourth,  the  experiment  Wcis  repeated  simply  by  turning  off  the  microwave 
discharge  on  the  CF4  inlet  to  remove  production  of  F  atoms  and  therefore  determine 
the  quenching  of  02(^S)  by  both  Br  atoms  and  Br2  molecules.  The  resulting  plot  of 
emission  intensity  of  02(^E)  versus  Br2  number  density  will  show  the  effect  of  the 
fast  reactions  of  0  atoms  with  Br2  and  BrO  as  outlined  above. 

Fifth,  the  experiment  was  conducted  with  the  amount  of  0  atoms  in  the  system 
reduced  and  the  resulting  emission  data  plotted  to  determine  the  behavior  of  the 
emission  as  the  population  of  0  atoms  is  changed.  The  side  branch  of  the  O2  inlet 
line  had  a  quantity  of  Mercury  (Hg)  placed  in  a  reservoir  so  that  when  the  brancli  was 
opened,  a  coating  of  HgO  will  be  applied  downstream  of  the  microwave  cavity  and 
hence  reduce  the  amount  of  0  atoms  reaching  the  flow  tube.  Preliminary  studies  by 
Melton  show  that  an  HgO  coating  significantly  reduces  the  amount  of  0  atoms  in  the 
system  (4).  After  this  coating  was  applied  for  a  set  period  of  time,  this  branch  was 
closed  and  the  amount  of  0  atoms  then  increeised  over  time,  (and  as  the  HgO  coating 
decays  with  time,  the  0  atom  population  will  increase).  The  emission  of  BrF(B)  and 
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02(b)  was  recorded  both  as  the  HgO  coating  was  being  applied  as  well  as  it  decayed. 
The  emission  was  recorded  for  sufficient  time  to  show  a  significant  change.  The 
resulting  behavior  of  the  plot  will  show  the  relation  between  the  recorded  emission 
and  the  changing  0  atom  population.  (See  Appendix  A). 

Sixth,  the  third  experiment  weis  repeated  with  the  HgO  coating  ajsplied  lo 
determine  if  a  change  in  Br  atom  and  Br2  molecule  quenching  of  02(’S)  could  be 
observed,  and  some  insight  into  the  amount  of  0  atoms  reduced  by  the  HgO  coaling 
could  be  calculated. 

Since  the  reaction  mechanisms  considered  above  include  both  singlet  slates  of 
excited  oxygen,  quenching  experiments  were  conducted  to  determine  which  of  these 
two  species  (or  both)  is  the  primary  contributor  to  pumping  the  BiF(B)  by  collisiinial 
energy  transfer.  Carbon  dioxide  (CO2)  will  be  used  as  a  selective  quencher  (d'  Oj( '  lii). 
Ranby  and  Rabek  found  that  CO2  hcis  a  significantly  greater  quenching  rate  const  anl 
for  02(^11),  k,  =  3.3x10“^®  cm^/molecule  sec  (16),  versus  Singh  with  that  of  02(’ A), 
k,  =  0.5  X  10“^®  cm®/molecule  sec(18).  Melton  recorded  comparable  rate  constants 
in  his  preliminary  studies(26).  During  these  experiments,  the  emission  intensities  of 
©2(^2)  and  BrF  were  recorded  as  the  CO2  pressure  is  increased.  The  resulting  plot 
of  emission  intensity  versus  CO2  number  density  allows  the  background  wall  laies 
to  be  determined  as  well  cis  the  effect  on  BrF(B)  emission  as  the  amount  of  Oi(‘-) 
is  decreased. 

3.3  Experimental' Calculations 

Melton  initially  proposed  determining  the  rate  constant  for  the  electronic 
quenching  of  singlet  O2  by  BrF  by  examining  the  emission  when  the  BrF  is  formed 
at  the  output  of  a  variable  position  injector(4).  From  the  flow  tube  set-up,  the  re¬ 
action  time  (t)  can  be  calculated  by  dividing  the  distance  from  the  injector  to  the 
observation  port  (D)  by  the  bulk  geis  velocity  (u): 
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t  =  D/v 


(19) 


Melton  used  Davis’  study  of  the  excitiation  of  IF(B)  by  singlet  O2  to  calculnlo 
a  similar  quenching  rate  in  the  non-steady  state  (time  dependent)  regimc(4.  24). 
When  the  quenching  species  is  in  large  excess  relative  to  the  other  species,  conditions 
approximating  first  order  conditions  are  present  and  the  resulting  quenching  rate  is 
given  by  (4): 


_  (A/n/(Q;)) 

-  (A[5rF])(t) 


(2U) 


where: 

/(Oj)  represents  the  intensity  of  the  excited  oxygen  emission. 

[BrF]  represents  the  quenching  species  concentration. 
t  is  the  reaction  time  calculated  above. 

Characterization  work  carried  out  by  Melton  indicated  that  in  this  expci  inuMi- 
tal  arrangement,  the  time  dependent  regime  cannot  be  accurately  accessed  due  lo 
the  slow  flow  speeds  (on  the  order  of  1  to  2  m/sec)  and  the  non-uniform  spatial 
distribution  caused  by  the  shape  of  the  rake(26).  Therefore,  a  steady  state  analy¬ 
sis  (time  independent)  appeared  to  be  the  best  way  to  resolve  the  quenching  rate. 
Though  this  required  taking  the  ratio  of  the  quenching  rate  to  the  wall  rate,  Mellon 
consistently  recorded  a  wall  rate  (quenching)  of  singlet  oxygen  on  the  order  of  50 
sec“^(26).  This  results  in  a  linear  relation: 


4  ^  (kMBrF]) 
I 


(21) 
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or  more  explicitly, 


((A//}  -  l)(fc„) 
(Bri?! 


(22) 


where: 

lo  represents  the  intensity  of  emission  of  excited  oxygen  with  no  quencher. 

I  represents  the  intensity  of  emission  of  excited  oxygen  in  the  presence  of  quencher. 
[BrF]  represents  the  quenching  species  concentration. 
kg  represents  the  quenching  rate  for  BrF. 

kw  represents  the  wall  quenching  rate  during  the  production  of  BrF. 

A  similar  analysis  using  CO2  as  the  selective  quencher  of  02('II)..  hcH-ausc  of 
its  known  quenching  rate  (k,  =  3.0  x  10“^^  cm^/molecule  sec),  will  allow  the  wall 
rate,  ku,,  to  be  determined,  and  then  used  in  the  development  above  to  calculate  the 
k,  for  the  particular  quenching  species  under  investigation. 

3.4  Excitation  Analysis  Procedure 

Based  on  the  data  compiled  during  the  experimental  phase  of  this  research,  a 
detailed  analysis  of  the  excitation  mechanism(s),  reaction  rate(s),  and  efficicnc\  of 
this  chemical  process  wets  possible.  This  analysis  was  accomplished  in  three  ste])s. 

1.  The  first  step  Wcis  to  qualitatively  determine  which  excitation  path  is  respon¬ 
sible  for  the  BrF  emission  based  on  a  global  view  of  the  results. 

2.  The  second  step  was  to  analytically  determine  the  various  pumping  rate.s  for 
the  excitation  and  quenching  rates  for  the  involved  gas  species. 

3.  The  third  step  was  to  analyze  the  efficiency  of  the  t^  stem  by  looking  ai  I  he 
ratios  of  the  pumping  rate  to  the  quenching  rate  of  the  singlet  o.xygen. 
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IV.  Results  and  Discussion 


4.1  Vibrational  Population  Analysis 

An  examination  of  the  relative  vibrational  level  populations  of  the  excited 
B-state  of  BrF  was  conducted  by  first  taking  a  detailed  spectrum  of  the  BrF(B) 
emission  in  the  flow  tube.  Figure  7  shows  a  typical  spectrum  from  5000  to  8000 
Angstroms.  The  emission  spectra  showed  good  resolution  for  transitions  in  the  range 
5800  <  A  <  7800  Angstroms.  Transitions  at  A  <  5800  Angstroms  were  not  as  clearly 
resolved  due  to  overlap  and  the  0.7  nm  resolution  of  the  monochromator  with  300//;// 
slits  (see  Appendix  C).  The  transitions  observed  matched  those  reported  by  Clyiie. 
et  al.  (5)  in  their  1972  work.  More  detailed  spectra  are  included  in  Appendix  D.  'I'lie 
relative  vibrational  populations  were  calculated  from  a  comparison  of  the  relative 
intensities  for  a  particular  transition  (photons  detected  at  each  wavelength)  whicli 
is  proportional  to  the  number  density  of  the  excited  state  (A^„).  From  an  equation 
on  relating  the  fluorescence  intensity  of  a  given  rotational  transition  to  the  nuniher 
density  of  the  excited  state  (28): 


jemm 


Sj 


2c/  1 


)m 


(23) 


where: 

=  the  emission  intensity  from  state  v  to  state  w 
i/yw  —  transition  frequency  from  state  v  to  state  w 

=  Franck-Condon  Factor  for  transition  from  state  v  to  state  w 
|i2e|  =  rotational  dipole  moment 
Sj  —  rotational  linestrength  factor 
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a  conversion  to  examine  the  vibrationeil  transitions  using  photon  counting  (the 
term  becomes  as  well  as  wavelength  can  be  made  (terms  remaining  relatively 
constant  will  be  omitted): 


oc  .„)(jv.)  (2.1) 

Tcmm  _  !d  vw  ){N.)  ,,,, 


The  fraction  of  the  photon  intensity  observed  will  depend  on  the  spectral  re¬ 
sponse  of  the  PMT  (See  Appendix  C.l).  If  the  relative  spectral  response  as  a  I'mu  i  ion 
of  frequency  {D{i/))  is  used,  the  actual  observed  emission  intensity  is  then: 


=  {nr)(0M)  (26) 

With  the  use  of  the  analysis  described  in  this  section,  the  relative  populations 
for  each  of  the  vibrational  levels  of  BrF(B)  can  be  calculated  and  then  plotted.  I'he 
resultant  plot  clearly  shows  that  the  population  distribution  is  non-Maxwellian.  see 
Figure  6.  This  directly  leads  to  the  conclusion  that  the  production  of  BrF(B)  in 
this  system  results  in  vibrationally  hot  BrF(B),  with  a  considerable  population  not 
in  the  lowest  vibrational  energy  level.  A  summary  of  these  calculations  are  listed  at 
Table  8. 

Another  way  to  examine  the  vibrational  population  distribution,  this  time 
obtaining  an  actual  value  for  the  population  of  each  of  the  vibrational  states  of 
BrF(B)  rather  than  the  relative  population  distribution,  was  to  take  the  ratios  of 
the  emission  intensities  for  the  clearly  resolved  transitions  and  compare  them  to  the 
estimated  population  of  02(b);  previously  determined  as  «  4  x  10’^  cm~^. 
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Vibrational  Level  Population 


jemm  \ 

Pop{BrF(B).)  =  ’■\)Pop(Om  (2T) 

•'02((>)V'-02(6)i 

where:  rr02(6)  =  125ec5 

Tr  is  the  radiative  lifetime  for  a  particular  v-state  of  BrF(B) 

jemm  _  jobsjj^^  where  D  is  the  spectral  response 

and  the  sum  is  over  all  clearly  resolvable  transitions  at  A  >  5800A 

Then,  taking  the  intensities  observed  on  the  recorded  emission  spectrum,  tlie 
results  obtained  for  the  populations  of  the  various  v-levels  of  BrF(B)  are  shown 
in  Table  9.  The  total  calculated  population  for  BrF(B)  was  determined  to  be 
1.483  X  10^°  cm"^.  The  vibrational  populations  listed  in  Table  9  are  determined  by 
dividing  the  calculated  population  by  the  percent  of  the  transitions  wliose  FVands- 
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Table  8.  Relative  Vibrational  Population  Distribution  for  Bi'F( B ) 


v’  Level 

Maxwellian  Relative  Nv 

Calculated  Relative  Nv 

Error 

0 

0.8191 

0.0726±0.0087 

12% 

1 

0.1475 

0.1372±0.0165 

12% 

2 

0.0269 

0.2158±0.0259 

12% 

3 

0.0051 

0.1836±0.1102 

4 

0.0011 

0.1636±0.0262 

5 

0.0002 

0.2271±0.1359 

61% 

Condon  Factors  are  summed.  (The  values  of  all  the  Franck-Condon  Factors  for  a 
transition  originating  at  a  particular  v’  sum  to  1). 


Table  9.  Calculated  Population  of  BrF(B) 


BrF(B) 

v-state 

#  resolvable 
transitions 

Calculated  Nv 
(cm“^) 

%  FCF  included 

Vibrational  Ny 
(cm"®) 

5 

4.83xT0» 

.5141 

9.395x10® 

v’=  1 

6 

8.62x10® 

.3829 

22.512x10® 

v’=  2 

5 

12.32x10® 

.2767 

44.525x10® 

v’=3 

6 

11.28x10® 

.2905 

38.830x10® 

v’=4 

5 

6.57x10® 

.2080 

31.587x10® 

v’=  5 

1 

3.43x10^ 

.0222 

15.450x10® 

Total 

1.483x10^" 

Then,  the  ratio  of  the  total  population  of  BrF(B)  to  02(b)  can  be  obiaiiuKl 

from; 


PopiO^ib)) 

This  result  is  somewhat  higher  than  would  be  predicted  by  Mechanism  iB  (with  the 
ratio  of  the  estimated  Br*  pumping  rate  over  the  Br*  quenching  rate  by  02(b)): 
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[02(a:)][jP](fc3-Body) 

=  (1.0  X  10^^)(6.0  X  10^‘‘)(~  10"^®)  =  ~  60 

(29) 

[02(x)](fc,) 

=  (1.0  X  10^^)(2.8  X  10-^^)  =  ~  2.8  X  10® 

(30) 

then  60/2.8x10® 

«  2.1  X  10“® 

(31) 

(32) 

where  k,  is  the  Br  atom  quenching  rate  constant  on  02(b) 

This  quenching  rate  constant  is  determined  in  Section  4.2.  No  predictions  about 
the  behavior  of  Mechanism  lA  or  2  were  possible  since  the  pumping  rate  to  tiio 
intermediate  state  (BrF*)  Wcis  not  determined. 

4.2  Analysis  of  Chemiluminescence  Experiments 

The  first  experiment  examined  the  BrF(B)  emission  dependence  O-jlb). 
Numerous  repetitions  showed  that  the  BrF(B)  emission  signal  varied  almost  lineai  I3 
with  the  amount  of  02(b);  as  determined  by  comparing  lo/I  for  both  the  BrF(B) 
and  02(b)  emission  signals.  The  conclusion  drawn  from  this  data  is  that  the  BrF(B) 
pumping  mechanism  requires  a  single  interaction  with  02(b).  This  behavior  is  shown 
in  Figure  8.  The  slight  curvature  observed  in  this  plot  might  be  due  to  some 
quenching  of  the  excited  intermediate  state  of  BrF. 

The  second  experiment  recorded  the  emission  of  both  BrF(B)  and  02(b)  as 
a  function  of  changing  Br2  flow.  The  peak  BrF(B)  signal  was  ouserved  at  a  Br^ 
number  density  of  2.00  ±  0.05  x  10^^  cm~^.  This  behavior  is  stiown  in  Figure  9. 
The  implications  of  this  observation  with  respect  to  the  3-Body  Mechanism  are  as 
follows: 

•  The  peak  BrF(B)  signal  would  occur  at  the  point  where  the  Br2  number  density 
equaled  two  times  the  0  atom  number  density. 
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Figure  7.  Emission  Spectrum  of  BrF(B)  Excited  By  02(b) 


BrF(B)  DEPENDENCE  ON  02(b)  USING  C02  AS  A  SELECTIVE  QUENCHER 


1  1.2  1.4  1.6  1.8  2  2.2 

02(b)  lo/I 


Figure  8.  BrF(B)  Dependence  on  02(b) 

•  Additional  Br2  added  to  the  system  beyond  the  peak  would  remove  F  atoms 
thus  decreasing  the  BrF(B)  signal. 

•  The  increased  Br  atoms  produced  as  a  result  of  the  F  +  Br2  reaction  would 
quench  the  02(b)  signal,  also  contributing  to  the  decrease  in  BrF(B)  signal. 

The  implications  of  this  observation  with  respect  to  the  2-Step  Mechanism  aie  as 
follows: 

•  The  peak  of  the  BrF(B)  signal  would  occur  at  the  point  where  the  Br2  nuinbci' 
density  equaled  the  F  atom  number  density. 

•  Additional  Br2  added  to  the  system  beyond  the  peak  would  quench  the  02(b) 
thus  reducing  both  the  BrF(B)  and  02(b)  signals. 

Since  in  the  earlier  discussion  on  BrF  production  it  was  determined  that  the 
number  density  of  F  atoms  was  an  order  of  magnitude  larger  than  the  number  densi(y 
of  Br2  at  the  point  of  producing  an  optimum  signal,  these  results  would  seeni  lo 
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indicate  that  the  2-Step  Mechanism  is  incorrect.  A  second  part  to  this  experinicMit 
was  to  examine  the  behavior  of  the  decay  of  the  BrF(B)  and  02(b)  signal  beyond  the 
peak  emission  point.  It  was  observed  that  the  BrF(B)  signal  drops  at  a  significantly 
greater  rate  than  the  02(b)  signal.  This  behavior  is  illustrated  in  Figure  10.  An 
02(b)  decay  constant  of  ki  =  3.2  x  10“^^  cm^fsec  was  calculated  from  the  slope  of 
the  line  fit  to  the  decay  curve  for  02(b).  If  the  2-Step  Mechanism  were  correct,  the 
expected  behavior  would  be  for  the  BrF(B)  and  02(b)  signals  to  drop  off  together. 
The  3-Body  Mechanism  would  cause  the  BrF(B)  signal  to  totally  disappear  when 
the  Br2  number  density  equaled  the  F  atom  number  density  because  no  F  atoms 
would  be  left  to  contribute  to  the  3-body  collisional  process.  At  the  right  side  of 
the  plot,  the  Br2  number  density  of  ~  2.0  x  10^^  cm~^  is  approaching  the  F  atom 
number  density  of  ~  4.0— 6.0 x  10^^  cm~^.  Since  the  3-Body  Mechanism  explains  this 
divergence  of  the  BrF(B)  signal  with  respect  to  the  02(b)  signal,  this  observation 
would  tend  to  support  that  mechanism. 


Signal  vs.  Bromine  Number  Density  (Representative  Plot) 


Figure  9.  Signal  vs.  Br2  Number  Density 
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Figure  10.  lo/I  Plot;  Signal  Decay  (after  peak)  vs.  Br2  Number  Density 

The  third  experiment  observed  the  peak  emission  of  BrF(B)  as  a  fund  ion  of 
changing  the  CF4  flow.  While  the  actual  strength  of  the  BrF(B)  signal  changed 
when  the  flow  rate  of  CF4  was  altered,  the  input  number  density  of  Br2  remaineci 
unchanged.  The  CF4  flow  rates  in  this  experiment  were  varied  from  100  to  300 
seem,  with  the  maximum  BrF(B)  signal  being  obtained  at  190  seem,  just  as  in  the 
prvious  experiments.  Since  the  Br2  number  density  remained  stable  throughout  tlie^e 
experiments,  the  3-Body  Mechanism  would  indicate  that  the  Br2  number  densit\  is 
then  dependent  on  the  number  of  O  atoms  present  in  the  flow  tube  system.  In  (lie 
2-Step  Mechanism,  changing  the  number  of  F  atoms  in  the  system  should  show  a 
deflnite  change  in  the  amount  of  Bra  needed  to  produce  a  maximum  signal  of  BrF(B). 
Although  the  exact  efficiency  of  the  microwave  cavity  as  a  function  of  changing  CF4 
flow  was  not  calculated,  it  is  clear  that  changing  the  CF4  flow  rate  will  change  the  F 
atom  concentration.  The  results  of  this  experiment  are  consistent  with  the  3- Body 
Mechanism,  but  really  cannot  support  any  conclusion  about  the  2-Step  Mechanism. 
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The  fourth  experiment  was  to  observe  the  emission  of  02(b)  as  a  function  of 
changing  Br2  flow.  In  this  case,  all  conditions  remained  the  same  except  the  CF.i 
microwave  discharge  was  turned  off.  Therefore,  there  was  no  F  atom  production. 
Also,  since  the  CF4  flow  was  not  changed,  the  CF4  quenching  rate  constant  of 
kcFi  —  2.68  X  10“^®  cm^jsec  {as  experimentally  verified  by  Melton  (4))  was  included 
as  part  of  the  background  wall  rate  when  the  Br  and  Br2  quenching  rate  constants 
were  calculated.  The  behavior  of  the  02(b)  signal  eis  the  Br2  number  density  was 
changed  is  illustrated  in  Figure  11.  Two  critical  observations  from  this  experiment 
were  the  quenching  rate  changed  abruptly  at  a  Br2  number  density  of  2.0  x  10^^  cin~^ 
and  this  was  the  same  number  density  where  the  peak  emission  signal  for  BrF(13) 
in  the  first  experimen*.  An  importance  inference  drawn  from  this  behavior  was  lliai 
since  no  F  atoms  were  present  in  the  system,  this  behavior  must  be  attributed  to  0 
atoms.  Only  the  3-Body  Mechanism  can  support  these  observations. 


Bromine  Quenching  of  Singlet  Sigma  (Representative  Plot) 


Figure  11.  Br2  Quenching  of  02(^S) 

Two  questions  can  be  answered  regarding  the  decay  of  the  02(b)  signal  by  an 
examination  of  the  behavior  of  the  plot.  The  results  from  the  previous  plot  were 
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changed  to  lo/I  for  the  02(b)  signal  vs.  Br2  number  density  so  the  quenching  rate 
constants  could  be  calculated.  This  is  illustrated  in  Figure  12. 


0  5e+13  le+14  1.5eH4  2etJ4 

Bromine  Number  Density  (cm-3) 

Figure  12.  lo/I  Plot:  Br2  Quenching  of  02(^S) 

First,  what  caused  the  behavior  in  the  second  decay  region?  The  second  decay 
region  must  have  been  caused  due  to  Br2  quenching  of  02(b).  Since  the  O2  flow 
mixed  upstream  with  the  Br2  flow  before  it  reached  the  output  window,  the  Br2 
reacted  at  a  gas  kinetic  rate  with  the  0  atoms  present  in  the  O2  flow  to  produce  one 
Br  atom  for  every  0  atom  (as  previously  developed  in  the  rate  equations).  Therefore, 
the  draniatic  change  in  slope  was  caused  when  the  number  of  Br2  molecules  equaled 
twice  the  number  of  0  atoms.  Until  this  point  was  reached,  there  were  no  surviving 
Br2  molecules  in  the  flow.  A  Br2  quenching  rate  constant  of  =  9-7  d:  0.5  x 
10"^^  cm^fsec  was  calculated,  which  is  ~  1/30  of  the  rate,  ki,  derived  in  the  first 
experiment.  If  the  2-Step  Mechanism  were  correct,  no  BrF(B)  signal  would  be  seen 
until  there  were  Br2  molecules  in  the  flow  at  the  previously  recorded  number  density 
of  2.0  X  10^^  cm~^.  Only  the  3-Body  Mechanism  is  consistent  with  the  observed 
BrF(B)  emission  increasing  with  increasing  Br2  up  to  2.0  x  10*^  cm~^. 
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Second,  what  caused  the  behavior  in  the  first  decay  region?  The  first  decay  re¬ 
gion  must  have  been  caused  by  Br  atom  quenching  of  02(b).  In  this  region,  where  the 
amount  of  Br2  is  less  than  two  times  the  amount  u"'  0  atoms,  the  increasing  species 
must  be  Br  atoms.  The  gas  kinetic  reactions  of  Br2  with  O  atoms  resulting  in  two 
Br  atoms  and  an  O2  molecule  again  dominated,  allowing  no  free  Br2  molecules  until 
Br2  >  2(0).  A  Br  atom  quenching  rate  constant  of  kst  =  2.8±0.3x  10”^^  crn^l sec  was 
calculated.  Since  the  Br  atoms  quench  02(b)  (perhaps  deexciting  down  to  02(a)),  a 
possibility  exists  for  energy  transfer  to  take  place.  The  energy  gap  between  Br(^Pi/2) 
and  Br(^P3/2)  differs  from  that  of  O2(b)(v’=0)  and  02(a)(v’=l)  by  69  cni"^  a  v('ry 
small  difference.  This  observation  may  indicate  that  some  electronically  e.xciled  Bi 
atoms  are  produced,  suggesting  the  possibility  of  the  variant  to  the  3-Body  Mecha¬ 
nism.  (The  same  behavior  cis  discussed  above  was  observed  in  the  sixth  experiment, 
where  the  amount  of  0  atoms  were  reduced  in  the  system,  and  comparable  Br  and 
Br2  quenching  rate  constants  were  determined). 

The  fifth  experiment  recorded  the  peak  emission  of  both  BrF(B)  and  Ojfb) 
while  the  0  atom  population  in  the  system  was  changed.  The  0  atom  population  was 
reduced  while  the  HgO  coating  Wcis  applied,  and  then  increased  as  the  HgO  coat  ing 
decayed  away.  The  02(b)  signal  changed  significantly  more  than  the  BrF(B)  signal. 
On  average,  with  a  30  minute  application  of  HgO  coating,  the  02(b)  signal  would 
increcise  by  a  factor  of  4,  while  the  BrF(B)  signal  increased  by  about  50  peicrnt. 
The  behavior  observed  was  that  the  BrF(B)  signal  tended  to  increase  linearly  with 
the  02(b)  signal  cis  O  atoms  were  reduced,  and  likewise  decrease  as  the  0  atoms 
increased. 

The  rate  equation  development  in  Appendix  A  Weis  used  to  analyze  these  re¬ 
sults.  The  slopes  recorded  were  on  average  slightly  greater  than  zero.  This  behavior 
is  illustrated  in  Figure  13. 
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O  Atom  Variation:  Effect  of  KgO  (Data  Sampling  3  Days) 


Figure  13.  I/Io  Plot:  0  Atom  Effect  on  Emission 


The  final  forms  of  the  rate  equations  for  the  3-Body  and  2-Step  Mechanisms 
will  be  repeated  here  for  eeise  of  understanding. 


1 

y 

1 

y 


Br 


/? 


•)  + 
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'BrF{X)r, 


Rr 

max 
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BrF{X), 


(33) 


(.34) 


For  the  3-Body  Mechanism  with  the  excited  intermediate  state  of  BrF,  it  is 
assumed  the  production  of  BrF(B)  and  BrF*  are  in  steady-state,  02(x)  is  (luencliing 
BrF*,  and  whatever  Br  atoms  in  the  system  are  quenching  02(b).  For  the  3-Body 
Mechanism  with  the  electronically  excited  Br  atoms,  the  same  assumptions  hold 
except  it  is  assumed  that  02(x)  is  quenching  Bi".  The  first  rate  equation  listed 
above  would  predict  that  a  slope  of  less  than  1  would  be  observed,  and  that  is  in  fact 
the  observed  behavior  in  this  experiment.  This  information  supports  the  3-Body 
Mechanism,  but  cannot  differentiate  between  either  of  the  variants  suggested.  For 
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the  2-Step  Mechanism,  the  same  eissumptions  hold  cis  in  the  first  example  above.  The 
second  rate  equation  listed  above  would  predict  that  a  slope  greater  than  1  would 
be  observed.  Since  this  weis  not  the  observed  behavior,  this  information  would  tend 
to  discount  the  2-Step  Mechanism. 

4-3  Comparison  to  Iodine  Monofluoride 

This  section  will  highlight  some  of  the  previously  conducted  work  on  IF  by 
S.  Davis,  et  al.  Davis  and  his  colleagues  conclusively  achieved  excitation  of  1F(B) 
by  62(^2,^  A)  in  a  fast  flow  reactor  (24).  Their  initial  work  with  vibrationally  cold 
IF(X)  showed  that  the  IF(B)  produced  had  a  linear  relationship  to  the  amount  of 
02(^2).  If  they  had  vibrationally  excited  IF(X)(v>>  0),  the  IF(B)  emission  was 
enhanced  by  two  orders  of  magnitude  and  changes  in  the  amount  of  02(’I1)  had 
little,  if  any,  effect  on  this  emission  (24).  This  led  them  to  believe  that  a  2-Step 
Mechanism  to  an  intermediate  excited  state  of  IF,  here  called  IF",  with  sequential 
collisions  of  02(^S)  and  02(^A)  was  the  primary  pumping  channel,  even  if 
inefficient.  This  is  illustrated  below: 

7F’(X)-f  O2CS)  — >  /F’*-f02  (35) 

+  ^  1F{B)^02  (3G) 

Their  continued  work  looking  at  multiple  collisions  with  02(’A)  showed  that 
this  2-Step  Mechanism  dominates  any  3-Body  Mechanism,  but  that  vibrationalh 
excited  IF(X)(v>>  0)  was  required  (25).  They  used  a  number  of  techniques  to 
produce  vibrationally  excited  IF,  here  called  IFf.  Then,  sequential  collisions  with 
02(^  A)  gave  a  very  strong  IF(B)  emission.  Their  evidence  reveals  some  intermediate 
excited  state  of  IF,  called  IF*  is  needed  as  a  reservoir  state.  This  is  illustrated  as: 

IX +  F  /Ft-fF  (37) 
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/Ft  +  OaCA) 

IF*  +  02CA) 


(38) 

(39) 


—4  JF*  +  02 
— »  IF{B)  +  02 


While  Davis  and  his  colleagues  have  not  reported  any  rate  constants  as  yet, 
their  work  continues  in  this  aspect.  They  did  conclude  that  IF(X,v>  9)  is  an  impor¬ 
tant  factor  in  the  excitation  of  IF(B)  by  02(*  A)  (25). 
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V.  Conclusions  and  Recommendations 


5.1  Conclusions 

The  chemiluminescence  spectra  obtained  in  this  research  proved  conclusively 
that  BrF(B)  can  be  produced  by  02(^S)  pumping.  The  resulting  vibrational  dis¬ 
tribution  for  BrF(B)  was  shown  to  be  non-Maxwellian  (non-thermal).  The  BrF(13) 
chemiluminescence  spectral  analysis  clearly  identified  transitions  from  BrF(B)(v‘= 
0,1,2, 3,4, 5)  with  some  possible  transitions  from  BrF(B)(v’=  6)  although  these 
could  not  be  clearly  resolved.  The  transitions  from  v’=  6  are  less  likelj'  due  to 
predissociation  at  the  higher  rotational  levels. 

The  analyzed  data  suggests  strongly  that  some  type  of  3-Body  Mechanism 
produces  BrF(B),  although  the  exact  pumping  process  could  not  be  distinguished. 
Although  Davis  postulates  a  2-Step  Mechanism  for  IF  (another  interhalogeii)  pump¬ 
ing  by  02(^S)  (2,  24),  this  process  was  not  observed  with  BrF.  The  determined 
pumping  efficiency  of  3.7x10““*  leads  to  the  conclusion  that  02(*S)  pumping  is  rela¬ 
tively  inefficient  and  therefore  perhaps  a  poor  choice  of  excitation  energy  for  a  BrF 
laser.  However,  since  the  3-Body  recombination  rate  was  not  determined  in  this 
research,  a  conclusive  statement  cannot  be  made  regarding  the  potential  of  02(b) 
pumping  for  a  BrF  laser. 

The  quenching  rates  for  02(^S)  by  CO2,  CF4,  Br,  and  Br2  were  also  det(‘r- 
mined.  The  CO2  and  CF4  quenching  rates  were  comparable  to  previously  recorded 
work.  The  Br  and  Br2  quenching  rates  have  not  been  previously  recorded. 

5.S  Recommendations 

The  work  started  with  this  research  to  determine  the  rate  constants  for  BrF 
should  be  continued.  Some  recommendations  are  made  for  further  work  in  this  aiea. 
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Readjusting  the  flow  tube  set-up  for  a  linear  geometry  would  allow  the  3- Body 
reaction  rate  to  be  more  accurately  determined.  This  would  entail  injecting  the  F 
atoms  down  the  center  of  the  flow  tube  (through  the  rake)  after  the  O2  and  Br2 
flows  had  been  mixed  upstream.  A  better  value  for  the  3-Body  recombination  rate 
constant  (other  than  the  estimate  used  in  the  analysis  of  this  research)  would  allow 
an  improved  determination  of  the  efficiency  of  the  system.  Once  this  constant  w('i<‘ 
known,  then  a  look  at  the  ratio  of  the  pumping  rate  from  the  intermediate  state  \  s. 
the  quenching  rate  of  the  intermediate  state  would  better  indicate  the  elliciency  of 
the  system. 

More  accurate  flow  meters  are  required  for  precise  control  of  the  reagent  gases 
used  in  the  rate  determination  experiments.  The  Sierra  Instruments  .Mass  Flow 
Controllers  are  not  sensitive  enough  for  the  low  number  density  of  the  Bi .  flow. 

Using  F2  in  a  bath  gas  of  He  could  be  used  to  increase  the  number  of  F  atoms 
available  for  reaction  as  well  as  to  determine  a  more  accurate  number  density  of  F 
mixing  in  the  system.  This  gas  was  not  available  during  the  course  of  this  research, 
which  necessitated  the  use  of  dissociated  CF4  as  the  source  of  F  atoms. 

Incorporating  more  TEFLON  tubing  in  the  system  after  the  microwa.ve  <  a  \  it  ies 
would  decrease  the  wall  quenching  effects.  Although  a  TEFLON  iirsert  was  us<'d  in 
the  flow  tube  itself  to  reduce  wall  quenching  effects,  a  greater  use  of  TEFLO.N  tubing 
could  reduce  this  effect  more. 

If  further  studies  show  02(b)  to  be  unsuitable  as  an  energx'  source  for  produc¬ 
tion  of  BrF(B),  then  an  examination  of  another  metastable  molecule  as  an  energy 
carrier  may  prove  profitable. 
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Appendix  A.  Rate  Equations  in  the  Presence  of  Atomic 

Oxygen 


The  basic  reaction  in  producing  BrF  as  well  as  the  reaction  of  Brj  with  0 
atoms  are  the  fast  reactions: 


F  +  Br2  — >  BrF  +  Br  (40) 

Br2  +  O  — >  BrO  +  Br  (41 ) 

BrO  +  0  — >  Br  +  02  (42) 

These  reactions  occur  at  a  gas  kinetic  rate.  In  the  flow  tube  apparatus  of  this 
experiment,  these  reactions  essentially  take  place  instantaneouslj'.  The  combined 
effect  of  the  0  atom  reactions  show  that  for  every  two  0  atoms,  two  Br  atoms  are 
produced. 

The  production  of  singlet  oxygen  is  determined  by  the  following  rale  ecjual  ions. 
which  include  the  pooling  reaction  of  02(a),  the  quenching  of  02(b)  due  lo  the  walls 
(and  other  reagents),  and  the  quenching  of  02(b)  due  to  0  atoms  and  Br  atoms: 


02(a)  +  02(a)  ^  02(6)4-02(0:)  (4.3) 

02{b)  +  Wall  02  +  WaU  (44) 

02(6) -fO  -^4  O2  +  O  (4.5) 

02{b)  +  Br  ^  02  +  Br  (4G) 


Where: 
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=  k^t(0i(a)y-KO,{l’)-hO2{b)(0)-kBr0i{b){B>-)  (-IT) 


And  since  experimental  results  indicate  that  kg  «  kBri  the  O  atom  quencliiiig  of 
02(b)  will  be  considered  small  with  respect  to  the  Br  atom  quenching,  and  neglected 
in  the  following  development.  Then,  in  steady  state  analysis  where  d02{b)ol(ll  =  0 
is  the  case  for  initial  conditions  prior  to  removing  0  atoms  (where  the  number  of 
Br  atoms  is  a  maximum:  Br,noa:))  and  in  the  case  after  some  0  atom  removal  where 
d02{b)ldt  =  0  (where  the  number  of  Br  atoms  is  a  minimum:  Br,,,,,^.-  —  ABr): 


02{b)o  = 


02{b)  = 

^2(^)0  _ 

02{b) 

02{b)o 

02(6) 

(ABr)  = 


k,ooi{02{a)? 

kw  +  kBr{Br  maor) 

kpooi{02{a)f 

kyu  d"  kBri^BvfjiQjy  “  AB?') 
kyj  d*  kBri^Bl  juaaJ  ABr*) 


1  - 


(1- 


kw  d"  kBrBvj 
kBrjABr) 

kyjf 

02(6)0 


^w'  \ 

02(6) 


(48) 


(49) 


(50) 


(■^1: 


(•52) 


Where  ky,i  has  been  used  cis  the  combined  effect  of  the  walls  and  baseline  Br  concen¬ 
tration.  These  results  will  be  used  later.  NOTE:  The  explicit  forms  foi*  concentra¬ 
tions  of  species  have  been  omitted  for  clarity  in  this  and  the  following  developinents. 
For  example:  the  concentrations  of  [0]  and  [O2],  will  simply  be  written  as  0  and 
O2. 


More  explicitly,  the  following  table  will  illustrate  the  effect  on  the  differing 
reagents  as  the  0  atom  population  is  changed  due  to  the  HgO  coating  (the  HgO 
coating  removes  some  amount  of  0  atoms): 
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Case  with  No  HgO  Coating  Applied 

Case  with  HgO  Coating  Applied 

Greatest  of  0  atoms 

Least  ^  of  0  atoms 

Therefore  greatest  of  Br  atoms 

Therefore  least  #  of  Br  atoms 

Therefore  least  ^  of  Bra 

Therefore  greatest  #  of  Bra 

Results  in  letist  BrF(X) 

Results  in  most  BrF(X) 

In  terms  of  A’s 

In  terms  of  A’s 

^max 

Oniox  AO 

^^max 

Hrmai  ABr 

Br2mm 

Bi’amm  +  ABi'a 

BvF{X)min 

BrF(X)„.,>.-fABrF(X) 

Then,  in  terms  of  the  relationship  between  all  of  the  changes  in  species,  the  follow  ing 
ecjualitj'  holds:  \ABrF\  =  \ABr2\  =  |A2C>|  =  |A2jBr|. 

A  3-body  mechanism  (two  variants)  and  a  2-step  mechanism  are  considered  to 
be  potentially  responsible  for  the  excitation  of  BrF(B).  These  two  mechanisms  will  be 
explicitly  developed  in  this  section.  The  first  mechanism  is  the  3-body  mechanism: 


Br  +  F  +  02{x)  BrF^  +  02{x)  (o3) 

BrF’  +  02{b)  BrF{B)  +  02{x)  (o'J) 

BrF*  +  02{x)  -X  BrF{X)  +  02  (55) 

BrF{B)  +  02{x)  X  BrF{X)  +  02  (56) 

BrF{B)  X  BrF{X)  +  }w  (57) 


(where  02{x)  is  a  third  body  and  BrF*  is  an  excited  intermediate  state) 
Then, 
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dBrF* 

=  FBr02{x)h  -  BrF^{k202{b)  +  k^x))  (58) 

at 

=  k2BrF^02{b)-BrF{B){h0,ix)  +  {l/T,))  (59) 

And  in  steady  state,  where  dBrF'‘fdt  =  0  and  dBrF{B)ldt  =  0: 


BrF’ 

BrF{B) 


FBr02{x)k\ 
^202{b)  +  kq02{x) 
k2BrF-02{b) 
h02ix)  +  (l/Tr) 


(OU) 

(01) 


Resulting  in  a  combined  form,  for  both  a  greater  amount  of  O  atoms  (BrF(B)c)  and 
a  lesser  amount  of  0  atoms  (BrF(B)),  of: 


BrF{B) 

BrF{B)o 

BrF{B)o 

BrF{B) 

BrF{B)o 

BrF{B) 


FiBvmax  -  ABr)02{x)02{b)kik2 
{k202{b)  +  kq02{x)){ks02{x)  +  (I/t,)) 

_ FBrmax02{x)02{b)oki  k2 _ 

{k202{b)o  +  kq02{x)){k^02{x)  +  (1/r,)) 

Mb)o., _ ^  max  W  ^202{b)  +  kq02{x) 

^  -  ^Br^^k202{b)o  +  kq02{xy 

02(6)0. _ ^  max  w  h02ib)  +  kq02{x) 

02(6)  ^Brmax  -  ABr’h202{b)o  +  A:,02(.r) 


(02) 


(03) 

(64) 

(65) 


Simplifying  this  expression  by  using  y  —  BrF{B)olBrF{B),  x  =  02{b)(,f02{b),  and 
using  a  substitution  for  (ABr)  =  (1  —  x){k^ilkBr)  h'oi'n  above,  gives: 


y 


x( 


BVjnax 


Brmax _ ^ 

-{l-x){k^>/kBrf  (§^)  +  l 


(66) 
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This  expression  can  be  simplified  further  by  setting: 


_  02{i>)ok2 
02{x)kg 

KBr 

jBr„,ar --/?(!- a:)  or+l 

, _ 1 _  (l/.r)a  +  l 

1  +  ^(l/57'maa;)(x  —  1)  0  +  1 


(67) 

(68) 
(6!)) 
(70) 


Now,  assuming  that  a  is  small  (on  the  order  of  10“^)  because  the  concentration  of 
02{b)(,  is  much  less  than  the  concentration  of  O^ix),  as  well  as  k^  <  aiul  I  lien 
inverting  the  equation: 


1 

1/ 

1 

!/ 


id  +  C.-i)^) 

*</  -Uffjiax 

i(l - 

•  max  ^ '  »iax 


(71) 

(72) 

(76) 


The  last  equation  showing  clearly  that  the  slope  of  the  line  of  the  ratios  of  1///  to 
Ijx  will  be  less  than  or  equal  to  1,  with  an  intercept  greater  than  or  equal  to  0. 

A  variant  of  the  3-Body  Mechanism  illustrated  above  postulates  the  formation 
of  excited  Br  atoms  by  resonant  collisional  energy  transfer  with  02(b),  and  I  lien 
formation  of  BrF(B)  through  third  body  collision.  An  abbreviated  dc\<:lopmem  of 
the  rate  equations  in  the  same  form  follows: 
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Br  +  02{b)  ^  Br-  +  02{a)  (74) 

Br*  +  F  +  02{x)  BrF{B)  +  02{x)  (75) 

Br*  +  02{x)  Br  +  02  (70) 

BrF{B)  +  02{x)  -!%  BrF{X)  +  02  (77) 

BrF{B)  ^  BrF{X)  +  }w  (78) 


Then,  repeating  the  steady-analysis  for  dBrF(B)/dt  =  0  and  dBr'/dl  =  U: 


BrF{B)  = 
Br*  = 


FBR*02ix)ki 

kg02{x)  -f  1/Tr 

Br02{b)kBr 


k202{x)  F02{x)k\ 


(79) 

(80) 


Giving  in  combined  form,  for  both  cases  of  greater  or  lesser  amounts  of  0  atoms: 


RrF(R)  —  _ F  RT'min02{x^)02{b)k\  ksr _ 

^  ’  "  {kg02{x)  +  l/Tr)ik202{x)  +  F02(x)k,) 

R  F(R)  -  FBrmax02{x)02{b)okikBr 

^  llrr){k202[x)  -f  F02{x)k, ) 

BrF{B)o  ^  02(b)o  _ ^  max  \ 

BrF{B)  ~  02{b)  Ai?r^ 


(SI) 


(82) 


(83) 


Again,  the  substitutions  for  y,  x,  ABr,  and  /3  will  be  used  as  above,  resulting 
in  the  following  form: 


y  = 


x{ 


Bvr, 


Brmax  -  ^Br 


) 


(5^4) 
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y 


y 

y 

1 

y 

1 

y 


x{ 


1 


1  -  (ABrlBrmax) 


) 


x{ 


'  2  _ 

kBr^^max 
1 

E-llfl) 


1  +  fer^^ 


^  max 


i?r„ 


(85) 

(80) 

(87) 

(88) 

(89) 


Which  returns  to  the  same  form  as  the  first  variant  of  the  3-Body  Mechajiism. 
The  second  mechanism  is  the  2-step  excitation  mechanism; 


F-\-Br2  BrF{X)  +  Br 

(90) 

BrF{X)  +  02{a)  BrF'  +  02{x) 

(91) 

BrF’  +  02{b)  BrF{B)  +  02{x) 

(92) 

BrF^  +  02{x)  BrF{X)  +  02 

(93) 

BrF{B)  +  02{x)  BrF{X)  +  02 

(94) 

BrF{B)  ^  BrF{X)  +  hu 

(95) 

Then, 


dBrF* 

=  k2BrF{X)02{a)-kpBrF'02ib)-k,BrF’02{x)  (96) 

at 

=  kpBrF-02{b)-kzBrF{B)02{x)-{l/rr)BrF{B)  (97) 

at 

Therefore,  in  steady  state,  dBrF’‘/dt  =  0  and  dBrF{B)ldt  =  0: 
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BrF* 

BrF{B) 


k2BrF{X)02{a) 
kpO^ih)  +  kq02{x) 
kpBrF^02{b) 
h02{x)  +  (1/rr) 


(98) 

(99) 


Resulting  in  a  combined  form,  for  both  a  greater  amount  of  O  atoms  (BrF(B)o)  and 
a  lesser  amount  of  0  atoms  (BrF(B)),  of: 


RrFim  =  ^^pk202{a)02{b)BrF{X)„^a^. 

^  ’  {k302ix)  +  {1/Tr))ik,02{b)  +  kq02{x)) 

Rr  F(  R’i  —  _ kpk202{o)02{b)oBrF{X  )„un _ 

{ks02{x)  +  {l/rr))ikp02{b)o  +  ^’,02(0.-)) 


(109) 

(101) 


Upstream  of  the  mixing  of  the  Br2  and  F,  the  Br2  leacts  with  0  atoms  according 
to  the  following,  2(0)  +  Br2  — >  2{Br)  +  O2  (as  shown  before).  The  0  atoms  are 
removing  Br2  molecules  from  the  flow.  Resulting  in  an  actual  change  in  BrF(.X) 
concentration  equivalent  to  |A5rF’(X)|  =  lA2J5r|,  and  this  expression  will  be  used 
to  substitute  into  the  combined  form  of  BrF(B)  production,  both  with  a  greater  and 
lesser  amount  of  0  atoms,  giving: 


BrF{B)  = 

BrF{B)o  = 

BrF{B)o 

BrF{B) 


kpk202{a)02{b)[BrF{XU.  +  ABrFjX)] 

(*302(0:)  +  (1/T,))(*p02(6)  +  *,02(0;)) 

kpk202ia)02mBrF{X)min]  ,  3. 

(*302(0:)  +  (l/Tr))(*p02(6)o  +  *,02(0;)) 

(02{b)o.,  BrF{X)min  ^(f^p02{b)  +  kq02{x) 

^  02(6)  ’^BrF{XUn  +  ABrF{Xyhp02{b)o  +  *,02(0^^  ’  ’ 


Simplifying  this  expression  using  the  same  substitutions  for  y  =  BrF{B)„l BrF{B), 
X  =  02(6)0/02(6),  and  (ASr)  =  (1  —  x){ky^'lkBr)  h’om  above,  gives: 
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y  =  x{ 


BrF{X), 


)( 


BrF(XU„  -  2(1  -  x){h^.lkB,) "  (2^)  +  1 


)  (105) 


This  expression  can  be  simplified  further,  putting  it  in  the  same  form  as  the  final 
equation  for  the  3  body  mechanism  by  setting: 


a  = 

0‘i{h)okp 

02{x)kq 

(106) 

= 

ksr 

(107) 

y  = 

BrF{X)min  w  {l/x)a  +  1 

(108) 

y  = 

1  (l/.r)a  +  l 

1  +  2{miBrF{XUn){l  -  x)  a  +  1  ^ 

(100) 

Again  assuming  a  is  small,  and  inverting  the  equation: 


“  ^^1  +  fl  x) _ ^ ^ 

(110) 

~  BrFiXuJ^ 

(111) 

=  i(l+  )- 

x^  ^  BrF{XUJ  BrF{X)min 

(112) 

The  last  equation  showing  clearly  that  the  slope  of  the  line  of  l/y  vs.  l/.r  will  be 
greater  than  or  equal  to  1,  and  the  intercept  less  than  or  equal  to  0. 

To  examine  which  of  these  two  processes  is  the  primary  mechani.sni  for  llic 
pumping  of  BrF(B)  by  singlet  Oxygen,  an  experiment  will  be  conducted  to  affect,  the 
amount  of  0  atoms  in  the  flow  tube  system  and  the  resulting  emission  data  plottccl  as 
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described  above  to  illustrate  the  behavior  of  the  system  as  the  amount  of  0  atoms  is 
changed.  A  branch  of  the  O2  inlet  line  will  have  a  quantity  of  Mercury  (Hg)  placed  in 
it  so  that  when  that  branch  is  opened,  a  coating  of  HgO  will  be  applied  downslreain 
of  the  microwave  cavity  and  hence  reduce  the  amount  of  0  atoms  reaching  the  flow 
tube.  After  this  coating  is  applied  for  a  set  period  of  time,  this  branch  will  be  closed 
and  the  amount  of  0  atoms  will  then  increase  over  time.  Then,  the  line  allowing  onl\ 
O2  to  flow  will  be  reopened  (and  the  0  atom  population  will  increase  as  the  MgO 
coating  decays).  The  emission  of  BrF(B)  and  02(b)  will  be  recorded  during  both 
phases  of  the  process.  The  emission  will  be  recorded  for  sufficient  time  to  show  a 
significant  change  in  the  emission  due  to  the  initially  decreasing  and  then  increasing 
0  atom  population.  The  behavior  of  the  plot  of  Y^BrF{B)  vs.  ;^02(i)  will  then  show 
the  mechanism  for  02(b)  excitation  of  BrF(B).  Due  to  the  resultant  rate  equal  iuns 
developed  in  this  section,  this  technique  will  provide  some  insight  in  wIkmIkm  the 
3-Body  or  2-Step  Mechanisms  are  correct,  but  cannot  differentiate  between  the  iw»> 
variants  of  the_3-Body  Mechanism.  See  the  following  plot  illustrating  the  piedicted 
behavior. 
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Appendix  B.  Rate  Equations  with  CO2  as  a  Quenching 

Species 


The  basic  reaction  in  producing  BrF  is: 


F  +  Br2  — >  BrF Br  (J13) 

This  reaction  is  gas  kinetic.  In  the  flow  tube  apparatus  of  this  cxpciimoiil .  lliis 
reaction  essentially  takes  place  instantaneously. 

The  production  of  singlet  oxygen  is  determined  by  the  following  rate  equations, 
which  include  the  pooling  reaction  of  02(a),  the  quenching  of  02(b)  due  to  the  walls 
(and  other  reagents),  and  the  quenching  of  02(b)  due  to  CO2: 


02(a)  +  02(a)  ^  02(6)  +  02(.r)  (11^1) 

02{b)  +  Wall  Oi  +  Wall  (115) 

02(6)1-002  O2  +  CO2  (116) 

Where: 

=  fcpoo/(02(a))2  -  k^02{b)  -  k,02{b)C02  (117) 

Then,  in  steady  state  where  d02{b)ldt  =  0,  and  in  the  case  of  no  CO2  where 
d02{b)oldt  =  0: 
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(118) 


02(6)  = 
02(6)o  = 

02(6)0 

02(6) 

OO2  = 


fcpoot(02(Q)) 
K  +  koC02 
kpooi{02{a)? 
h 

f^xv 

koCO^ 

k^ 

/  02(6)0  _ 
^02(6) 


(119) 

(120) 
(121) 


These  results  for  CO2  and  O2  will  be  used  later. 

Two  primary  mechanisms  are  considered  to  be  responsible  for  the  e.xcitat’oii  of 
BrF(B).  The  first  mechanism  is  the  three  body  mechanism,  including  the  cffecl 
of  CO2  within  the  system: 


Bv  +  jP  02(2:) 
Br  +  F  +  OO2 
BrF^  +  02(6) 
5rF*  +  02(2:) 
FrF*  +  OO2 
BrF{B)  +  02(2:) 
BrFiB)  +  OO2 
BrF{B) 

(where  02(2;)  is  a  third  body,  BrF* 
quenching  species).  Then, 


BrF'^O^ix) 

(122) 

^  5rF*  +  C02 

(123) 

BrF{B)  +  02{x) 

(124) 

BrF{X)-T02 

(125) 

BrF{X)-\-C02 

(126) 

BrF{X)  +  02 

(127) 

BrF{X)  +  C02 

(128) 

^  BrF{X)  +  Iw 

(129) 

i  an  excited  intermediate  state. 

and  CO2  a 
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dBv  F* 

=  FBr{p2{x)h  +  CO^hv)  -  BrF’{h02{h)  +  k.O^ix)  +  k^.CO^)  (130) 


dBrFjB) 

dt 


k2BrF*02{b)  -  BrF{B){k302{x)  +  kyC02  +  1/r,)  (131) 


And  in  steady  state,  where  dBrF*  jdt  =  0  and  dBrF{B)ldt  =  0: 


BrF* 

BrF{B) 


FBii02{x)ki  +  COzfciQ 
^202(6)  +  kg02{x)  +  kqiC02 
k2BrF‘02{b) 

k302{x)  +  k3iC02  +  l/Xr 


(132) 

(133) 


Resulting  in  a  combined  form,  both  with  and  without  COo  present.,  of: 


BrF{B) 

BrF{B)o 


_ F  Br02{b)k2{02{x)k\  +  C02k\i) _ (131) 

{k202{b)  +  kq02{x)  +  kqiC02){k302{x)  +  kziC02  +  1/a) 

_ FBro02{x)02{b)okik2 _ 

{k202{b)o  +  kq02{x)){k302{x)  +  1/t,.) 


BrF{B)o  _  , 02(6)0 w  ki02{x) 

BrF{B)  ^  02(6)  ^^Jfci02(x)  +  h'C02^ 

.(^202(6)  +  kq02{x)  +  kq>C02){kz02{x)  +  k3iC02  +  1/A-).  /13p\ 
{k202{b)o  +  ^',02(a;))(fc302(.r)  +  1/r,.) 


_ _ _  ^  ^  _ _  ^  ,  a*202(6) 

BrF{B)o  _  ,02(6)ow  1  kyCOz  w  ^  ^  k„o^(x)  w . 

BrF{B)  +  ^  kz02{x)^\lrj^  1+^^ 
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Simplifying  this  expression  by  using  y  =  BrF{B)ol BrF{B),  x  =  02{h)„l02[b)-,  and 
using  a  substitution  for  CO2  =  {x  —  l){ky,/ko)  from  above,  gives: 


_  / _ 1 _ w,  j _ kz>k^u{x  1)  ,  ^  ~1~ 


k^k, 


knKoOjjx) 


+ 


kiOiWojl/x) 

kq02{x) 


k207{b)c 

kq02(x) 


)  (138) 


This  expression  can  be  simplified  further  by  setting: 


a  = 

= 

7  = 

6  = 

y  = 


k\^  k^ 


kiko02{x) 
02{b)ok2 
02{x)kg 
h  1 1- 

kgko02{x) 

k^*  kyj 


ko{k302{x)  +  1/Tr) 


T  +  Q:(a;  —  1)' 


1))( 


l  +  6(.r-l)  +  /?(l/.r) 
1  +  )^ 


(139) 

(MO) 

(Ml) 

(M2) 

(M3) 


[(1  -  8){1  -  7)  +  m  +  [6{1  -  7)  +  7(1  -  S)]x  +  {6j)x^  +  {d/x){]  -  8) 
^  (H-^)((l-c)  +  a(x)) 


The  second  mechanism  is  the  2  step  excitation  mechanism,  including  reactions  Ibi 
CO2  quenching: 


F  +  Br2  BrF{X)  +  B7' 

(Mo) 

BrF{X)  +  02{a)  BrF’  +  02{x) 

(M6) 

BrF^  +  02{b)  BrF{B)  +  02{x) 

(1-'17) 
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BrF*  +  02(x)  BrF{X)  +  02  (148) 

BrF^  +  C02{x)  BrF{X)  +  C02  (149) 

BrF{B)  +  02{x)  BrF{X)  +  02  (150) 

BrF{B)  +  C02{x)  BrF{X)  +  C02  (151) 

BrF{B)  ^  BrF{X)  +  hu  (152) 


Then, 


dBrF" 

dt 

dBrFjB) 

dt 


k2BrF{X)02{a)  -  BrF’{k,02{b)  +  k,,.C02  +  k,,02{x))  (15:1) 
kpBrF^02{b)  -  BrF{B){k302{x)  +  A^COj  +  (1/-,.))  (154) 


Therefore,  in  steady  state,  dBrF*  jdt  =  0  and  dBvF{B)Jdt  =  0: 


BrF* 

BrF{B) 


k2BrF{X)02{a) 

kp02{b')  -f  kq02{x')  +  kqiC02 
kpBrF*02{b) 

k302{x)  kyC02-\-  {l/r,  ) 


(155) 


(156) 


Resulting  in  a  combined  form  of,  both  with  and  without  CO2  in  the  system: 


BrF{B) 

BrF{B)o 


_ kpk202{a)02{b)BrF{X) _ 

ikz02{x)  +  kyC02  +  illrr)){kp02{b)  +  kq02{x)  +  k,,,C02) 

kpk202{a)02{b)BrF{X) 

{k302{x)  +  {llTr)){kp02{b)  +  kq02{x)) 


(157) 


(158) 


Then,  taking  the  ratio  of  the  BrF(B)  production  terms: 
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Akz02{x)  +  kyC02  +  l/7v)(fcp02(6)  +  kq02{x)  +  kqtC02)  Y  ,  . 
^  (^*302(0:)  +  1/Tr){kp02{b),  +  k,02{x))  ’ 

Simplifying  this  expression  using  the  same  substitutions  for  y  =  BrF{±i)ol BvF{B), 
X  =  02(6)0/02(6),  and  OO2  =  (x  —  l)(A:u,/fco)  from  above,  gives: 


y  =  x(l  + 


k^t k^(^x  *“  1 ) 


koiksO^ix)  +  (1/Tr) 


)(- 


2  -j- 


il  ^  A>;.02(6)o(l/r) 


kokq02{x') 


1  4-  ^'2Q2(^)o 
^  kq02{x) 


•)  (16U) 


This  expression  can  be  simplified  further,  putting  it  in  the  same  form  as  the  final 
equation  for  the  3  body  mechanism  by  setting: 


a  = 

= 

7  = 

y  = 


kuk 


^'o(^'302(x)  +  (l/r^)) 

02(6)0^2 

02(x)i', 

k^kqi 

kokqOiix) 


x(l  +  a(x  -  1))( 


1  +7(x-  1)  +;g(l/x) 

1  +  13 


(Ifil) 

(J62) 

(163) 


(16.I) 


y  =  +  (1  -  a)(l  -  7)  +  ic(7(l  -  or)  +  q(1  -  7))  +  07(.^^)  +  {l3/x)(l  -  a)j]65) 


Appendix  C.  Experimental  Calibrations 


G.l  Spectral  Response 

The  relative  spectral  response  of  the  detection  systemconsisting  of  a.  luonocliro- 
mator  and  a  photomultiplier  tube  (PMT)  is  important  in  determining  the  relation 
between  the  observed  intensity  (photon  counts)  to  the  excited  state  relative  number 
density.  These  calculations  play  a  critical  part  in  determining  the  relative  vibrational 
population  densities  of  the  excited  B-state  for  BrF.  The  relative  spectral  response 
for  this  experimental  set-up  was  calculated  by  recording  the  spectrum  of  a  black- 
body  source  at  1000°C  and  comparing  it  to  the  spectrum  expected  from  the  cui\f 
generated  by  the  Planck  Blackbody  Radiation  Law.  The  emission  remained  in  tlie 
center  of  the  flow  tube,  and  was  resolved  through  the  window,  focusing  lenses,  and 
the  0.3  m  monochromator.  The  number  of  photons  detected  by  the  P.MT  as  a.  func¬ 
tion  of  emission  wavelength  is  given  in  Figure  15.  This  plot  shows  the  normalized 
emission  intensity  for  both  the  blackbody  source  and  the  theoretical  Planck  black- 
body  radiation  distribution,  cis  well  as  the  normalized  relative  spectral  response.  'J’Ik' 
relative  spectral  response  itself  {D{i/))  is  calculated  from  (28): 


D{i/)  =  nd{v)lnf,f,{v) 


(166) 


where: 

nd{v)  =the  number  of  photons/soc  detected  by  the  PMT 
nbh{v)  =the  number  of  photons/sec  emitted  by  an  ideal  blackbody 

A  listing  of  the  relative  spectral  responses  for  the  observed  emission  transitions 
for  BrF  are  shown  in  Table  10.  All  values  for  the  spectral  response  have  been 
normalized  to  the  maximum  value  at  6700  A  from  Figure  15. 
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Table  10.  Relative  Spectral  Response 


WBBBm 

S])cc(.ral  Rt'-sp 
D{//) 

0.0250 

0.4000 

5586 

0.0489 

0.4500 

0.0222 

5686 

0.0082 

0.5100 

0390 

0.0288 

0.8200 

0048 

0.0520 

0.9750 

0928 

0.0180 

().9:J70 

7550 

0.0410 

0.7200 

5790 

0.0738 

0.0000 

0033 

0.0071 

6270 

0.0205 

0800 

0.0392 

HlBl 

7090 

0.0025 

0.8870 

7400 

0.0274 

0.7050 

5910 

0.0000 

0.6800 

0100 

0.0875 

0.7800 

6410  . 

0.0723 

0,8350 

0679 

0.0235 

0.9850 

7200 

0.0334 

0.8550 

6054 

0.0345 

0.7200 

6300 

0.0720 

0.8439 

6500 

0.1044 

0.9250 

0840 

0.1012 

0.9550 

7138 

0.0589 

7402 

0.0113 

0448 

0.8000 

0.9800 


PMT  Spectral  Response 


Figure  15.  Spectral  Response  of  C31034  PMT  with  Blackbocly  at  1000°C 


C.2  Monochromator  Calibration 

The  resolution  of  the  0.3m  monochromator  is  shown  in  Figure  16.  Melton 
determined  this  resolution,  as  a  function  of  slit  width  using  a  Neon  flaslilanip  prior  lo 
my  involvement  with  the  research  (26).  A  linear  least  squares  fir  of  tlie  data  ret  urned 
a  nearly  linear  relationship  with  corr^  =  99.15%.  Extrapolating  this  result  for  slits, 
with  a  width  of  300/rm,  a  TA  (0.7nm)  resolution  was  obtained.  Using  300//n>  slits, 
sufficient  signal  strengths  as  well  as  favorable  signal-to-noise  ratios  were  obtained 
for  all  the  BrF(B)  — r  BrF(X)  vibrational  transitions  with  5800.^  <  A  <  7800.A  as 
listed  in  Clyne  and  Coxon  (5).  Even  though  the  300/rm  slits  were  not  small  enough 
to  clearly  resolve  the  closely  lying  vibrational  transitions  at  A  <  5800.°!,  t  he  struct  ut  e 
was  observed  and  could  be  estimated  given  the  known  values  for  these  transitions  as 
shown  in  Clyne  and  Coxon  (5). 

Melton  determined  the  absolute  wavelength  of  the  0.3m  monochromator  using 
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Figure  16.  Monochromator  Resolution  with  Least  Squares  Fit  Resultant 


a  Neon  discharge  lamp  previously (26).  Over  the  range  of  interest.  5000.-1  <  A  < 
7800A,  the  calibration  correction  was  an  average  of  6.4.4,  with  a  staiulaid  dexiaiitiii 
of  O.sA.  Since  the  monochromator  weis  calibrated  only  to  the  nearest  ,-\ngstroni.  a 
value  of  SA  was  therefore  used  as  the  wavelength  correction. 

Table  11.  Wavelength  Calibration  of  0.3  m  Monochromator 


Monochromator  A(A) 

7482.0 

6923.5 

6592.5 

6024.1 

5846.0 

5394.2 

Actual  A(A) 

7488.9 

6929.9 

6599.0 

6030.0 

5852.5 

.5‘100.6 

Difference  A(A) 

0006.9 

0006.4 

0006.5 

0005.9 

0006.5 

0006.4 

C.3  Metoi’’  g  Valve  Calibration 

The  Nupro  metering  valves  were  calibrated  by  connecting  a  Kontes  valve  be¬ 
tween  the  flow  tube  and  the  cold  trap  so  that  the  exhaust  could  be  closv.d  and  the 
time  rate  of  change  of  the  pressure  (dP/dt)  in  the  flow  tube  be  measured.  First, 
the  leak  rate  weis  measured  and  then  dP/dt  for  the  different  valve  settings  of  tlic 
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CF^  and  Brj  inlets  were  measured.  The  flow  tube  set-up  as  configured  in  Figure  •"> 
was  determined  to  have  a  leak  rate  of  0.173  torrfmin  and  this  value  was  subtracled 
from  the  values  recorded  for  the  different  CF4  and  81*2  valve  settings  to  give  dP/di 
for  the  CF4  and  Br2  inlets,  respectively.  The  total  volume  of  the  system  forward  of 
the  valves  was  measured  to  be  Volume  =  3276  cm^.  Once  dP/dt  was  for  each  valve 
was  recorded,  the  actual  dP/dt  and  dn/dt  (in  seem)  were  obtained  from; 


dPacitial  ^Precorded  n  i-n 

at  at  min 

dn  _  dPactuai  s ,  3276c?7j^ 
dt  ~  ^  dt  imtorr  ’ 

For  the  two  different  CF4  valve  settings  of  2.0  and  2.2  revolutions,  the  following 
values  of  dn/dt  were  obtained: 

dn/dt  @!2.2  revolutions  =  190.4  seem 

dn/dt  @2.0  revolutions  =  184.15  seem 

For  the  many  varying  settings  of  the  Br2  valve,  the  values  of  dn/dt  obtained 
are  listed  in  Table  12. 

No  values  for  valve  settings  less  than  0.8  revolution  were  used  since  dP/dt  was 
unchanged  and  no  observable  effect  seen  on  the  output  signal.  The  value  of  dn/dl  foi 
valve  set  at  1.0  revolution  was  interpolated  linearly  between  the  values  at  0.8  and  1 .2 
revolutions  because  although  no  dP/dt  Wcis  observed  different  from  0.8  ie\olu(i(ni'>. 
there  was  a  noticeable  effect  on  the  output  signal;  specificallj',  significant  reduction 
in  the  02(^S)  emission  was  observed  (quenching). 

Once  BrF  was  actually  produced  (Section  3.1),  the  number  density  for  Br2 
could  be  calculated.  Given  constant  inputs  for  02(x)  at  848  seem  and  CF4  at  either 
190.4  or  184.15  seem,  first  the  partial  pressure  of  81-2  was  determined  and  then  llie 
number  density  of  Br2  calculated  from  the  following: 


(IfiT) 

(168) 
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Table  12.  dn/dt  for  Br2  Valve  Settings 


Set  (#  revs) 

dn/dt  (seem) 

0.0 

0.0000 

0.8 

0.0776 

1.0 

0.0862 

1.2 

0.0948 

1.4 

0.1035 

1.6 

0.1121 

1.8 

0.1897 

2.0 

0.2414 

2.2 

0.2974 

2.4 

0.3664 

2.6 

0.4397 

2.8 

0.5776 

3.0 

0.6509 

4.0 

1.2113 

5.0 

1.8449 

=  ( 


n 


MBr^) 


')Ptolal 


=  ( 


n{Br2)  +  h{CF4)  +  niO^) 

_£y--  ■)(2.6868  X 

IGOtorr’^  ’^300I\’ 


(16<J) 

(170) 


where: 
h  =  dn/dt 

Loschmidt’s  Number  (at  STP)  =  2.6868  x 

The  calculated  values  for  the  Br2  number  density  (for  the  two  different  flow 
rates  of  CF4),  at  the  different  valve  settings  are  listed  in  Table  13. 


CJf  Other  Considerations 


This  section  will  list  some  of  the  other  considerations  that  affected  the  system, 
especially  as  they  influenced  BrF  and  02(b)  production. 
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Table  13.  Br2  Number  Density  at  Varying  Valve  Settings 


Set  (#  revs) 

n  (cm-^) 

(@CF4  =  190.4  seem) 

n  (cm  3) 

(@CF4  =  184.15  seem) 

0.0 

0.0000 

0.0000 

0.8 

8.3646x10^2 

8.0984x10*2 

1.0 

9.2940x10^2 

8.9982x10*2 

1.2 

1.0223x10^3 

9.8979x10*2 

1.4 

1.1153x10^3 

1.0798x10*3 

1.6 

1.2082x10^3 

1.1697x10*3 

1.8 

2.0445x10^3 

1.9794x10*3 

2.0 

2.6019x10^3 

2.5191x10*3 

2.2 

3.2058x10^3 

3.1037x10*3 

2.4 

3.9489x10^3 

3.8232x10*3 

2.6 

4.7383x10^3 

4.5875x10*3 

2.8 

6.2240x10^3 

6.0-259x10*3 

3.0 

7.0131x1013 

6.7899x10*3 

4.0 

1.3044x101'* 

1. -26-29x10*'' 

5.0 

1.9855x101'* 

1.9-2-23x10*'' 

1.  If  the  system  Wcis  opened  to  air  for  a  short  period  of  time,  such  as  to  change  the 
cold  trap,  about  15  to  30  minutes  were  needed  to  pump  the  system  back  down 
to  its  optimum  pressure  (~  100  millitorr),  as  well  as  get  rid  of  the  ambient  air 
in  the  system. 

2.  If  the  system  Wcis  opened  to  air  for  a  long  period  of  time,  such  as  after  the  vah  e 
calibration  study,  the  system  had  to  be  pumped  down  for  an  extended  time 
(anywhere  from  1  hour  to  a  full  day)  to  reduce  outgassing,  the  effect  of  lUO 
vapor  build-up  in  the  system,  and  return  the  system  to  its  optimum  pressure. 

3.  The  wall  rate  Wcis  noted  to  change  on  a  daily  basis.  Therefore,  all  ex])erimems 
conducted  included  determining  the  wall  rate  for  that  particular  experimenl. 
This  wall  rate  was  then  used  in  the  calculations  to  determine  the  other  rate 
constants. 
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4.  It  was  noted  that  microwave  discharge  efficiency  had  an  effect  on  the  system. 
Either  due  to  the  age  (or  operating  characteristics)  of  the  Opthos  Microwax’c 
Cavities,  or  the  effect  of  the  daily  changes  in  the  system,  the  desired  reduction 
of  reflected  power  to  a  minimum  was  not  a  constant.  Generally,  the  forward  to 
reflected  power  ratio  for  the  O2  microwave  cavity  was  100/2,  with  the  reflected 
power  varying  from  0  to  4.  This  affected  the  amount  of  02(b)  produced  by 
approximately  50%  (for  the  worst  case).  Fortunately,  keeping  track  of  the  daily 
02(b)  production  allowed  the  experments  to  be  run  when  the  efficiency  was 
good.  Interestingly,  a  similar  effect  was  not  noted  with  the  microwave  cavity 
dissociating  CF4,  even  when  the  cavities  were  switched. 
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Appendix  D.  Vibrational  Population  Calculations 


D.  1  Calculations 

The  following  tables  outline  the  actual  calculations  used  in  determining  I  lie 
vibrational  populations  of  the  v-states  of  BrF(B).  The  transition  listed  in  tliis  section 
were  the  clearly  resolvable  transitions  recorded  on  the  emission  spectrum  for  BrF(B). 
The  basic  formulas  used  as  listed  in  the  main  text  are  repeated  here. 


jemm  _  jobs  j  jj 

jtmm  \ 

The  resulting  values  for  Pop(BrF(B)„)  are  recorded  under  the  heading  N„»,u»  in  the 
tables  below. 


Transitions  originating  at  v’=  0 


v’->v” 

Tr  (/(Sec) 

FCF 

Population 

0-4 

43.0 

.0296 

1.66x10" 

0-5 

.0635 

7.16x10" 

0-6 

,1073 

1.09x10® 

0-7 

.1480 

1.48x10® 

0-8 

.1657 

1.38x10® 

Total 

.5141 

4.83x10® 
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Transitions  originating  at  v’=  1 


Transitions  originating  at  v’=  2 


Transitions  originating  at  v’=  3 


v’-»v” 

Tr  {(isec) 

FCF 

Population  N, 

1-3 

44.0 

.0345 

4.07x10" 

1-4 

.0726 

1.65x10^ 

1-5 

.1044 

2.66x10® 

1-6 

.1012 

2.15x10® 

1-7 

.0589 

1.31x10® 

1-8 

.0113 

4.38x10" 

Total 

1 

.3829 

8.62x10® 

T,.  (nsec) 

FCF 

Population 

2-3 

46.0 

.0600 

4.21x10® 

2-4 

.0875 

3.77x10® 

2-5 

.0723 

3.21x10® 

2-6 

.0235 

9.64x10" 

2-8 

.0334 

1.61x10" 

Total 

.2767 

12.32x10® 

V’-4V” 

Tr  (/(Sec) 

FCF 

Population 

3-3 

43.9 

.0738 

4.60x10® 

3-4 

.0671 

3.-57x10® 

3-5 

.0205 

1.45x10® 

3-7 

.0392 

3.32x10" 

3-8 

.0625 

8.90x10" 

3-9 

.0274 

4.41x10" 

Total 

.2905 

11.28x10® 
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Transitions  originating  at  v’=  4 


v’— 

Tr  (fisec) 

FCF 

Population 

4-3 

44.7 

.0682 

4.97x1  O'* 

4-6 

.0288 

3.63x10" 

4-7 

.0520 

7.17x10" 

4-8 

.0180 

3.33x10" 

4-10 

.0410 

1.86x10" 

Total 

.2080 

6.57x10^ 

Transition  originating  at  v’=  5 


v’— 

Tr  (flSec) 

FCF 

Populalioii  .N 

5-7 

44.2 

.0222 

3.43x10" 
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D.2  Detailed  Emission  Spectra 

This  section  includes  reproductions  of  the  detailed  emission  spectra  taken  wit  h 
SOO/im  slits,  but  at  a  much  slower  scan  speed  than  the  global  spectrum  illustrated 
in  the  main  body  of  the  text.  Here,  the  experimental  settings  were: 

•  300/im  slits 

•  20 Angstromf  min  monochromator  scan 

•  1cm  j min  paper  speed 

•  Resulting  in  a  recorded  meeisurement  of  20 AngstromI cm  on  the  strip  chart 

•  0.4sec  photon  counter  integration  time 
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Appendix  E.  Pho«!;ogr£-  i.  of  BrP(B)  Emission 


CF4  Inlet  (190  seem) 

Figure  20.  Sehematie  of  BrF(B)  Emission 


A  photograph  of  the  aetual  BrF(B)  emission  is  shown  on  the  iie.xt  page.  '^I’h 
ture  was  t:,ken  with  ASA  1600  eolor  film  with  a  60  seeoncl  e.xposure  time. 


»  ri 


75 


Bibliography 


1.  Perram,  G.  P.  ,  ’’Visible  Chemical  Lasers”,  Proceedings  from  Uie  Inl.ernatioiial 
Conference  on  LASERS  ’89,  (Preprint),  (1989). 

2.  Davis,  S.  J.  ,  ’’Prospects  for  Visible  Chemical  lasers”,  SPIE  Vol  540,  Southwest 
Conference  on  Optics  (1985),  ppl88-195. 

3.  Davis,  S.  J.  ,  L.  Hanko,  and  P.  J.  Wolf,  ’’Continuous  wave  optically  pumped 

iodine  monofluoride  jB^n(0+)  — >  laser”.  Journal  of  Chemical  Phyttici-. 

82,  (1985),  p483L 

4.  Melton,  D.  W. ,  ’’Collisional  dynamics  of  the  5^n(0’*')  state  of  bromine  monoflii- 
oride”,  AFIT  DS-91  Prospectus,  (Unpublished),  (1990). 

5.  Clyne,  M.  A.  A. ,  J.  A.  Coxon,  and  L.  W.  Townsend,  ’’Formation  of  the  ) 

states  of  BrF  and  by  atom  recombination  in  the  presence  of  singlet  (' A^,  ’  ) 

oxygen”.  Journal  of  the  Chemical  Society  Faraday  II,  68,  (1972),  p2134. 

6.  Howard,  C.  J.  ,  ’’Kinetic  measurements  using  flow  tubes”,  Journal  of  Physical 
Chemistry,  83,  (1979),  p3. 

7.  Davis,  S.  ,  ’’Potential  of  Halogen  Molecules  as  Visible  Chemical  Laser  Syslems". 
AFWL-TR-79-104,  (1979),  pl67. 

8.  Clyne,  M.  A.  A.  ,  and  I.  S.  McDermid,  ’’Stable  Levels  of  the  yi'MlfU’*')  Stale  of 
BrF”,  Journal  of  the  Chemical  Society  Faraday  II,  74,  (1978).  pfifU. 

9.  Coxon,  J.  A. ,  and  A.  H.  Curran,  ’’High  Resolution  Analysis  of  the  B^ri(0+)  < — 
^1^+  Transition  of  BrF”,  Journal  of  Molecular  Spectroscopy,  75,  (1979),  p270. 

10.  Durie,  R.  A.  ,  ’’The  Visible  Spectra  of  Iodine  and  Bromine  Monofluorides  and 
their  Dissociation  Energies”,  Proceedings  of  the  Royal  Society  .4.  207,  (1951). 

p288. 

11.  Clyne,  M.  A.  A.  ,  A.  H.  Curran,  and  J.  A.  Coxon,  ’’Studies  of  Labile  Molecules 
with  a  Tunable  Dye  Laser”,  Journal  of  Molecular  Spectroscopy.  03.  (1976),  pl3. 

12.  Steinfeld,  J.  ,  ’’Rate  Data  for  Inelastic  Collision  Processes  in  Diatomic  Halo¬ 
gens”,  Journal  of  Physical  and  Chemical  Reference  Data,  13,  (1984),  p.445. 

13.  Perram,  G.  P.  ,  ’’Energy  transfer  from  singlet  oxygen  to  bromine  monofluoride: 
Thesis  problem  statement  and  background  information”,  GEP-eOD,  AFIT,  (Un¬ 
published),  (1989). 

14.  Setser,  D.  W.  ,  Reactive  Intermediates  in  the  Gas  Phase,  New  York:  Academic 
Press,  (1979). 

15.  Plummer,  D.  N.  ,  R.  F.  Heider,  and  G.  Perram,  Procefding.‘<  from  tin  1087 
Conference  on  COIL  Kinetics,  Albuquerque:  RDA  Associates.  (n)88). 


76 


16.  Ranby,  B.  and  J.  F.  Rabek,  Singlet  Oxygen^  New  York:  John  Wiley  and  Sons. 
Inc.  ,  (1979). 

17.  Davidson,  J.  and  E.  Ogryzlo,  ’’The  Quenching  of  Singlet  Molecular  Oxygen’', 
Chemiluminescence  and  Bioluminescence,  edited  by  M.  J.  Cormier,  et  al.  ,  New 
York:  Plenum  Press,  (1977). 

18.  Singh,  J.  P.  ,  et  al.  ,  ’’Electronic  to  Vibrational  Energy  Transfer  Studies  of 
Singlet  Oxygen;  1.  02(0^  A^)”,  Journal  of  Physical  Chemistry,  89,  (198.o),  p.5347. 

19.  Singh,  J.  P.  et  al. ,  ’’Electronic  to  Vibrational  Energy  Transfer  Studies  of  Singlet 
Oxygen;  2.  02(6^  S+)”,  Journal  of  Physical  Chemistry,  89,  (1985),  p5353. 

20.  Mack,  R.  T.  ,  ’’Singlet  Oxygen  and  Iodine  Monofluoride  Collisional  Energy 
Transfer  Mechanism”,  AFIT  GEP-89D,  Master’s  Thesis,  (Unpublished),  (1989). 

21.  Brodersen,  P.  ,  and  J.  Sicre,  ”Das  Spektrum  des  BrF  und  seine  Dissoziation- 
senergie”,  Zeitschrift  fiir  Physik,  Band  14I,  (1955),  p514. 

22.  Coxon,  J.  A. ,  ’’Dissociation  Energies  of  Diatomic  Halogen  Fluoride.s’'.  Chemical 
Physics  Letters,  33,  (1975),  pl36. 

23.  Donovan,  R.  ,  and  D.  Husain,  ’’Chemistry  of  Electronically  Excited  .‘\tonis'. 
Chemical  Reviews,  70,  (1970),  p509. 

24.  Davis,  S. ,  et  al. ,  Excitation  of  IF{B^II{0'^))  by  Singlet  Oxygen:  Energy  Tran.-^fi  r 
from  02(^2),  PSI-2000/SR-364,  Andover,  Md:  Physical  Sciences.  Inc.  ,  (1980). 

25.  Davis,  S.  ,  et  al.  ,  Excitation  of  IF{B^1lI{0'^))  by  Metastable  O2.  Studies  Involv¬ 
ing  IF(X,v),  PSI-2000/SR-395,  Andover,  Md:  Physical  Sciences.  Inc.  ,  (1989). 

26.  Melton,  D.  W.  ,  Doctoral  Student,  Department  of  Physics,  Air  Force  Institute 
of  Technology,  personal  discussions  at  AFIT,  April  -  September  1990. 

27.  Kolb,  C.  E.  ,  and  M.  Kaufman,  ’’Molecular  Beam  Analysis  Investigation  of 
the  Reaction  between  Atomic  Fluorine  and  Carbon  Tetrachloride’'.  Journal  of 
Physical  Chemistry,  76,  (1972),  p947. 

28.  Perram,  Glen  P.  ,  ’’Collisional  Dynamics  of  the  B^n(0'*‘)  State  of  Bromine 
Monochloride”,  Dissertation,  AFIT  DS-86,  (1986). 


77 


Vita 


CPT  Barrett  F.  Lowe  was  born  on  21  February  1959  in  Alexandria,  Virginia. 
After  graduating  from  Frank  W.  Cox  High  School  in  Virginia  Beach,  Virginia  in  1977, 
he  was  accepted  into  the  Corps  of  Cadets  at  the  United  States  Military  Academy  at 
West  Point.  He  graduated  from  West  Point  with  a  B.S.  in  Engineering  in  1981  and 
was  commissioned  in  the  Infantry.  He  attended  the  Infantry  Officer  Basic  Course 
and  Ranger  School  at  Fort  Benning,  Georgia  in  1981.  His  first  assignment  was  (o 
the  1st  Battalion  (Airborne)  509th  Infantry  in  Vicenza,  Italy,  where  he  served  as 
a  Rifle  Platoon  Leader,  Mortar  Platoon  Leader,  and  a  Battalion  StalT  Officer  from 
1982  to  1985.  Returning  to  the  Continental  United  States,  he  attended  the  Infantry 
Officer  Advanced  Course  at  Fort  Benning  prior  to  his  second  assignment,  which  was 
to  the  101st  Airborne  Division  (Air  Assault)  at  Fort  Campbell,  Kentucky.  He  servc'd 
as  the  Battalion  S-3  Air  Staflf  Officer  in  the  3rd  Battalion  327tli  Infantry  in  198.') 
and  early  1986.  He  was  then  selected  by  the  Division  Commander  to  activate  and 
command  the  Division  Long  Range  Surveillance  Detachment  (LR.SD)  in  the  2nd 
Squadron  17th  Cavalry.  He  left  command  of  the  LRSD  in  1987  and.  returned  to  the 
3rd  Battalion  327th  Infantry  to  assume  command  of  C  Company.  He  remained  in 
command  until  early  1989  when  he  received  orders  to  attend  graduate  school  at  the 
Air  Force  Institute  of  Technology.  Upon  completion  of  his  degree,  he  will  join  the- 
staff  and  faculty  at  West  Point  as  an  Instructor  in  the  Department,  of  Ph.vsics. 

CPT  Lowe’s  awards..and  decorations  include  the  Meritorious  Service  Medal,  the 
Army  Commendation  Medal  (with  Oak  Leaf  Cluster),  the  Ranger  Tab,  the  Expert 
Infantryman’s  Badge,  the  Master  Parachutist’s  Badge,  the  Pathfinder  Badge,  the 
Air  Assault  Badge,  and  the  Gerinan  Army  Parachiitist’s  Badge. 

He  is  married  to  the  former  Elizabeth  Anne  Parry,  of  Minneapolis,  Minnesot  a. 
Their  son,  James  Barrett  (Jeb),  was  born  on  16  October  1986  at  Fort  Campbell. 
Kentucky. 


78 


Permanent  address:  1497  Wakefield  Drive 

Virginia  Beach,  Virginia 
23455 


79 


REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No,  0704-0188 


Public  rcport*nq  Dur<j€*i>  ^c»  imv-oiiection  yt  tnTMrfn^uor*  »v  estimaieo  iw  •  'r>vur  pe»  «espvme,  lOMuCtmg  the  ume  tgi  revtewm9  ih^tructions.  >earshtna  data  wurce^, 

^athCfinq  and  (mdmtain.*^^  me  data  needed,  and  <.v<rpieun<}  ana  »ev«evy  .o^  ine  wue^-tivn  vl  mt«^fmatign  >en<J  wmmenis  fe40»dm9  thij  burden  e>t<mdtC  vr  any  gther  i>pC\.t  gf  this 
collection  gt  intormatign,  utouainq  su99e>i,iu»»s  igr  leduun^  iftiv  ouiaen  tv  wv  nnm^tvn  lieadquaueis  jci  vives.  t/irectorate  to<  mlvrmatibn  Opciawons  and  Repot ts,  U  IS  Jefferson 
Oavts  Miqhwdy,  Suite  Aihnqiuo^ «  A  ana  to  the  ot+KO  gt  vi  in.iqemervi  and  BuUqei,  P^perwvfK  fteduaton  Project  (0/04*0108),  Washirigton,  DC  20503. 


1.  AGENCY  USE  ONLY  (Leave  blank)  2.  REPORT  DATE 

_ _  _  December  1990 


4.  TITLE  AND  SUBTITLE 

ENERGY  TRANSFER  IN  SINGLET  OXYGEN  AND  BROMINE 
MONOFLUORIDE 


6.  AUTHOR{S) 

Barrett  F.  Lowe,  CPT,  US  Army 


7.  PERFORMING  ORGANIZATION  NAME(S}  AND  ADDRESS(ES) 


Air  Force  Institute  of  Technology,  WPAFB,  OH  45433-6583 


3.  REPORT  TYPE  AND  DATES  COVERED 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 

<AFIT/GEP/ENP/90D-2 


9.  SPONSORING,  MONITORING  AGENCY  NAME(S}  AND  AODRESS(ES) 


10.  SPONSORING ,  MONITORING 
AGENCY  REPORT  NUMBER 


12a.  DISTRIBUTION /AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited. 


12b.  DISTRIBUTION  CODE 


13.  ABSTRACT  (Afax/mom  200  worcfaj 

The  interhalogen  molecule,  bromine  monofluoride  (BrF),  is 
currently  under  study  as  a  potential  candidate  for  a  visible  chemical  laser  medium. 
Previous  studies  have  shown  a  strong  emission  from  BrF(B)  in  the  presence  of  singlet 
oxygen,  02(b)  and  02(a).  While  singlet  oxygen  will  pump  BrF(X)  to  BrF (B),  the  exact 
mechanism  is  not  known.  Chemiluminescence  observed  from  BrF(B)  excited  by  02(b)  in 
a  gas  flowtube  was  used  to  study  the  energy  transfer  mechanism.  The  objective  of 
this  research  was  fourfold.  First,  the  pumping  process  was  identified  as  a  3-Body 
Mechanism.  Second,  the  observed  vibrational  distribution  clearly  showed  the  popu¬ 
lation  of  the  BrF(B)  state  to  be  non-Maxwellian.  Third,  the  quenching  rates  for 
CO2  and  CF,  on  02(b)  were  experimentally  verified  with  the  literature  values,  and 
the  quenching  rates  for  Br  and  Br2  on  02(b)  are  reported  for  the  first  time^^  And 
fourth,  the  efficiency  of  the  system  is  shown  to  be  low,  on  the  order  of  10  . 


CO2  and  CF^  oi 
the  quenching 


14.  SUBJECT  TERMS 

Chemical  Lasers,  Visible  Chemical  Lasers,  Spectroscopy,  Lasers, 
Bromine  Monofluoride,  Bromine,  Singlet  Oxygen 


15,  NUMBER  OF  PAGES 
88 


16.  PRICE  CODE 


17.  SECURITY  CLASSIFICATION 
OF  REPORT 

Unclassified 


18.  SECURITY  CLASSIFICATION 
OF  THIS  PAGE 

Unclassified 


19.  SECURITY  CLASSIFICATION 
OF  ABSTRACT 

Unclassified 


20.  LIMITATION  OF  ABSTRACT 


Standard  Form  298  (Rev  2-89) 

Prescribed  by  ANSI  Std  239-18 
298-102 


